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Abstract 
Our understanding of the evolution of the Earth’s surface is driven by our knowledge and 
comprehension of the processes which shape the landscape.  The source, formation, and transport 
pathways of sediment are critical components to understanding crustal processes and changes 
and are often grouped under the broad scope of provenance analysis. Much of what we know of 
how sediments evolve and shape our landscape stems from provenance analysis, which tries to 
trace the pathway of source to sink.  However, complexities arise when the final composition or 
signature of the detrital material is altered, which results in provenance signature deviations from 
source rock to the sediment.  Weathering, erosion, mixing, recycling, sorting, diagenesis, and/or 
lithification can all drive these changes in sediment signatures.  
In the following chapters, I test both the strengths and limitations of some of the 
commonly used fingerprints in detrital analysis to a single case study of the Stepladder Pluton. 
The Cretaceous Stepladder pluton (SE California) provides a unique environment to test some of 
the most basic assumptions of provenance analysis. The pluton should act as a point source for 
sediments collected downslope, which have experienced limited transport and have been 
deposited in in an arid (limited chemical alteration) environment.  
In Chapter 1, I present zircon U-Pb age data of the Stepladder pluton and derived 
sediments. With limited transport and an essentially unimodal age source, sediments derived 
from the inselberg should theoretically have matching age distributions with the pluton itself. 
However, our results show an unexpected and dramatic difference in age distributions between 
bedrock and detrital samples. A clear secondary source, one unassociated with the ‘upstream’ 
bedrock, dominates the detrital distributions.  The differences in age distributions between the 
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source and sinks suggest that interpreting parent rock assemblages and paleogeographic 
reconstructions solely on zircon geochronology can be misleading or contain significantly more 
complexity than what researchers assume.  
To better constrain the provenance of the Stepladder pluton sediments, I present dual 
characterization of single-grain apatite in chapter 2 as a new potential fingerprint for detrital 
provenance. 87Sr/86Sr ratios and (U-Th)/He ages are two independent isotopic signatures.  The 
first provides the diagnostic magmatic signature, while the second provides a low temperature 
thermochronometer, which describes the exhumation or cooling history of the apatite.  The focus 
of this chapter is to present the methodological protocols used to obtain the 87Sr/86Sr ratios and 
(U-Th)/He ages, and to describe the various tests we used to determine the source of Sr excess 
developed during He degassing. Further work is needed to determine a Sr correction factor or 
search for an alternative He degassing method, as (U-Th)/He ages are not affected by Sr 
chromatography, but Sr isotopic ratios are clearly altered during the degassing process.   
Research presented in chapter 3 focuses on using apatite and whole-rock geochemistry as 
fingerprints for provenance studies. Here, I collected whole-rock 87Sr/86Sr ratios, apatite 87Sr/86Sr 
ratios, and apatite (U-Th)/He ages from both the Stepladder pluton and its derived sediments. We 
find that minimal variations in whole-rock initial 87Sr/86Sr ratios of the bedrock are likely due to 
heterogeneities within the Stepladder pluton, while the much larger observed variations in 
detrital sample ratios are due to hydraulic sorting of altered biotite. Single grain and multi-grain 
apatite isotopic signatures are not affected by hydraulic sorting, and thus may provide a more 
accurate determination of source rocks. Strontium isotopic ratios of most detrital apatite grains 
are similar to that of the bedrock from which they are derived. Igneous and detrital apatite (U-
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Th)/He ages are also notably similar, confirming with two independent isotopic systems that 
apatite is a more robust fingerprint of source than zircon and whole-rock geochemistry.  
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Abstract 
The utilization of detrital zircon ages as a successful provenance indicator necessitates 
that source rocks and derived sediment, particularly first-cycle sediment, closely match each 
other in terms of age and age distribution.  In order to test how close first-cycle sediment 
resembles its source, zircon ages were determined from a homogenous plutonic source and 
sediments deposited directly on it, in the Stepladder Mountains, southeastern California.  U-Pb 
zircon ages from the pluton and proximal downstream alluvium exhibit substantial differences in 
proportions of Cretaceous, Mesoproterozoic, and Paleoproterozoic ages.  Although geographic 
relations and major-element geochemistry requires that the sediment was primarily derived from 
the weathering of the adjacent pluton, sample Likeness values for zircon ages are commonly low, 
and age distribution differences are sufficiently large to reject the null hypothesis that they were 
drawn from the same population.  The Stepladder pluton has abundant Cretaceous zircon, formed 
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during magma crystallization, but also contains Mesoproterozoic and Paleoproterozoic 
xenocrysts inherited during magma generation and/or ascent.  Neither preferential release of 
Precambrian xenocrysts, nor differential preservation of Cretaceous zircon, during weathering of 
the bedrock is viewed as a likely sole explanation for the age disparities.  Addition of 
allochthonous Precambrian zircon, i.e. aeolian-transported grains, is viewed as a potential 
mechanism for the explanation of at least some of the observed age proportions.  The significant 
differences between the abundance of zircon ages from the source and from the derived sediment 
suggest that considerable caution should be taken in the use of detrital zircon ages as a primary 
means of establishing bedrock sources in provenance analysis. 
1. Introduction  
Zircon, a common accessory mineral in felsic and intermediate igneous rocks, 
incorporates significant uranium but virtually no lead during magma crystallization, and thus is 
an excellent mineral for U-Pb geochronologic applications.  Furthermore, zircon is chemically 
and physically refractory, and so commonly accumulates in clastic sedimentary systems (Hoskin 
and Schaltegger, 2003), making it a useful tool in provenance analysis (e.g. Fedo et al., 2003; 
Gehrels et al., 2011).  Detrital zircon U-Pb ages have become an increasingly utilized 
provenance tool, used not only to identify bedrock sources (e.g. Miller et al., 1992; Schoenborn 
et al., 2012), but also to trace source-to-sink paths of sediment dispersal (e.g. Garzanti et al., 
2008; Thomas, 2011).  The refractory nature of zircon means it can survive multiple episodes of 
sedimentary recycling, which can cause confusion between ‘first cycle’ versus ‘recycled’ 
sediment sources.  Further complications arise from estimating the areal importance of a source 
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on the basis of the detrital zircon record if some sources are either extremely zircon-fertile or 
zircon-deficient (Moecher and Samson, 2006).  
Other complexities in using detrital zircon U-Pb ages as provenance proxies should also 
be considered.  For example, if source rocks with abundant xenocrysts are being eroded (Miller 
et al., 1992), detrital zircon ages could lead to the incorrect interpretation of multiple sources.  
Equally troublesome are examples where there is a lack of specific zircon age groups despite the 
known presence of source rocks of that age in the region (e.g. Hietpas et al., 2010).  An 
additional concern is how to assess the significance of changing proportions of different age 
clusters in populations when characterizing detritus and its possible sources.  Some workers (e.g. 
Malusà et al., 2016; Zhang et al., 2016) have inferred major changes in tectonic environments 
based on changes in the proportion of specific detrital zircon age groups.  While such models 
may be valid, Hietpas et al. (2011) showed that proportions of detrital zircon ages in Holocene 
alluvium from the French Broad River, North Carolina, can vary enormously between samples 
collected just a few kilometers apart.  For all of these reasons, it is imperative to continue to test 
whether a one-to-one relation between bedrock zircon ages and their detrital counterparts exists. 
In this study, we have investigated how well detrital zircon ages represent their source by 
studying both source and derived sediment in an active modern fluvial environment, in the 
Stepladder Mountains, which are located in the arid Mojave Desert of southeastern California 
(fig. 1).  The Stepladder pluton is a compositionally homogeneous, coarse-grained, Upper 
Cretaceous biotite granodiorite (Modi, 2011) exposed as a series of inselbergs rising above the 
local piedmont as a topographic dome; thus, it forms a point source for sediment within the 
watershed (figs. 2-4, and fig. A1).  In this arid setting, minimal chemical weathering has affected 
the pluton and its sediment carapace.  Samples of the pluton, regolith (viewed in this study as 
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meaning “in-situ physically altered bedrock with similar textural composition to the bedrock”), 
and derived sediments, have chemical index of alteration (Nesbitt and Young, 1982) values near 
50 (Modi, 2011), which indicates that hydrolysis has had very limited effect on the bulk 
composition (Fedo et al., 1995).  These conditions, therefore, make this location an excellent 
natural laboratory to test the relationship of zircon from a point source and detrital zircon derived 
from that source.   
2. Geologic Setting 
Basement rocks of the eastern Mojave Desert consist largely of Paleoproterozoic 
orthogneisses and schists, deformed at ~1.7 Ga, and largely coeval (1.76 – 1.64 Ga) granitoids 
intruded between 1.76 and 1.64 Ga (Wooden and Miller, 1990; Link et al., 1993).  Additionally, 
the region contains potassic granitoids emplaced during the Mesoproterozoic (~1.4 Ga; e.g. 
Anderson and Bender, 1989; Foster et al., 1990) that form part of a suite of A-type granites that 
sweep across Laurentia (e.g., Goodge and Vervoort, 2006).  After the breakup of Rodinia, a 
stable continental platform was established by the Neoproterozoic (Fedo and Cooper, 2001) upon 
which kilometers of siliciclastic and carbonate rocks were deposited (e.g. Dickinson, 1989; 
Foster et al., 1990).  Multiple intrusions, including the Stepladder pluton (fig. 1), were emplaced 
throughout the Jurassic and Cretaceous, and the region underwent high-grade metamorphism 
during the Laramide Orogeny (Miller and Wooden, 1994; Bird, 1998).  Miocene extension drove 
rapid uplift and exhumation of the middle and upper crust in the Colorado River extensional 
corridor (Howard and John, 1987), including that of the Stepladder Mountains.  Volcanism (22-
14 Ma), emplacement of mafic and felsic dikes (Foster et al., 1990; Miller and Miller, 1991), and 
sedimentary deposition (Fedo and Miller, 1992) occurred during extension.  
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Although no cosmogenic nuclide analyses have been done on the Stepladder pluton, 
several studies (Nichols et al. 2002, 2005, 2007) indicate that depositional rates on piedmonts in 
the Mojave Desert increased between ~40 and 10 ka during pluvial events when lake levels were 
persistently high (Wells et al., 2003).  The area transitioned to its current, dryer conditions at the 
beginning of the Holocene.  
Local topographic highs, or inselbergs, in the Iron Mountains and Granite Mountains, 
about 50 km south of the Stepladder Mountains, are currently undergoing erosion (Nichols et al., 
2002) at an estimated mean rate of 35 m Ma-1 (Nichols et al., 2002).  A downslope increase in 
cosmogenic nuclide activity (Nichols et al., 2002) indicates that erosional rates are greatest in the 
highlands and progressively decrease downslope.  The active transport layer, ~ 20 cm thick in 
this region, has a homogeneous level of cosmogenic nuclide activity with depth.  Directly below 
this layer there is an abrupt change in 10Be and 26Al activity, demonstrating a lack of connectivity 
between the active transport layer and the underlying sediment.  Sporadic monsoonal storms 
during the summer, and more persistent and frequent mild rainfalls during the winter, account for 
about 12 cm of rain per year (Stoffer, 2004).  The precipitation regime and the scarce vegetation 
allow for low velocities of sediment transport across the piedmonts, moving currently at an 
estimate of decimeters per year.  However, in the channels sediment transport can be as high as 
tens of meters per year (Nichols et al., 2005).   
The Stepladder pluton is exposed over an area of approximately 60 km2 at current 
erosional levels.  Bedrock inselbergs occur as a series of NNE-trending ridges at the center of the 
range, and also form the drainage divide for the studied samples (fig. 2 and fig. A1).  Three 
major sets of fractures cross-cut the pluton (Driscoll, 2016).  Although the pluton is largely 
homogenous in texture and composition (Modi, 2011), minor north-trending, west-dipping 
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aplitic dikes occur throughout the study area.  Two Mesoproterozoic xenoliths (between 0.01 and 
0.03 km2), lithologically similar to A-type granites in the region, are found close by, but outside 
of the watershed from which our samples were collected.  Despite being in a separate watershed, 
we analyzed a sample of one xenolith in order to characterize it as a potential secondary source 
of sediment.  The inselbergs, which form the highest local elevations in the study area, also form 
the steepest slopes and are incised by fluvial channels up to several meters deep (fig. 3).  Away 
from the pluton, in the piedmont, the slope gradient decreases and channels become shallower 
with numerous bifurcations.  Sediment samples undergoing active transport were collected from 
both the high elevation deeper channels and channels down the piedmont surface (figs. 2, 3). 
3. Methods 
Zircon grains were analyzed from 17 samples, including four from the Stepladder pluton, 
one from a Mesoproterozoic xenolith, two samples from regolith developed on the Stepladder 
pluton, and ten from sediment samples that were naturally sorted into a number of grain-size 
populations from gravel to fine sand.  All sediment samples were collected from active stream 
channels within the granitic highlands, or downstream on the piedmont, and all within 7 km of 
the source (fig. 2; geographic coordinates of the samples are given in table A1).  Sediment 
samples were collected from six grain-size groups (number of samples of each is in parentheses): 
grus (1), gravel (2), very coarse sand (1), coarse sand (2), medium sand (2) and fine sand (2). 
Igneous samples were crushed and further reduced in size with a disk mill.  All samples 
were wet-sieved (at 500, 250 and 50µm) with disposable nylon sieves; each size fraction was 
passed through a Frantz isodynamic magnetic separator, and grains were divided into a magnetic 
and a nonmagnetic fraction (side slope 20°, current = 0.5 amperes).  The nonmagnetic fraction 
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was passed through the Frantz again, this time at 10° side slope and 1 ampere.  Minerals from the 
nonmagnetic split from the second pass were then separated by density, first using 
tetrabromoethane (specific gravity = 2.97 g/cm³) and minerals in the dense fraction were 
subsequently passed through methylene iodide (specific gravity = 3.32 g/cm³).  From the dense 
fractions, between 50 and 200 zircons were hand picked and mounted in epoxy-filled pucks.  In 
order to minimize potential biases all size fractions were processed for zircon. No zircon >250 
µm was found in either bedrock or sediment samples.  So few zircon < 50 µm were observed that 
they were not analyzed in either bedrock or sediment, thus no bias between lithologies was 
introduced.  
Along with the samples, two different zircon standards were included in the mounts, a Sri 
Lankan zircon (563.5 ± 2.3 Ma; Gehrels et al., 2008) and R33 (419.3 ± 0.4 Ma; Black et al., 
2004).  The polished and carbon-coated pucks were imaged using a JOEL JXA-8600 electron 
microprobe and both backscattered electron and cathodoluminescence images of each zircon 
crystal were obtained.  These images were used for visual examination of the individual grains 
(i.e. fractures, cores, zonation) as well as to measure long and short dimensions of individual 
grains.  Finally, age determinations were made on magmatic and detrital zircons from 16 samples 
using laser ablation multicollector inductively-coupled plasma mass spectrometry (LA-MC-
ICPMS) with a 30 µm wide laser spot at the Arizona LaserChron Center, University of Arizona.  
These data were reduced using the in-house program NUPMagecalc.  Zircon from an additional 
sample, the xenolith, was analyzed by LA-MC-ICPMS at the University of Florida Center for 
Isotope Geoscience.  These data were reduced using the in-house program CALAMARI.  U-Pb 
dates exceeding 20% normally discordant or 5% reversely discordant were disregarded, as well 
as dates with >10% error for 206Pb*/238 U and 206Pb*/207Pb* dates.  Isobaric interference of 204Hg 
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were determined by measuring 202Hg, and common lead corrections were completed with Hg-
corrected 204Pb and initial Pb composition based on Stacey and Kramers (1975).  For dates 
younger than 900 Ma 206Pb*/238U dates were used, for older zircon 206Pb*/207Pb* dates were 
used.  
Probability density functions, which are frequency distribution expressed as the summed 
analytical ages and their associated Gaussian errors normalized to unity, were calculated using 
the methods of Hurford et al. (1984).  Kernel density estimates (KDE), defined also as frequency 
distribution of the ages, in which a smoothing, i.e. bandwidth, is applied, were calculated using a 
Matlab script (kdeJNL.m) based on McPhillips and Brandon (2010).  In both probability 
distributions a 1 Ma bin size was utilized.  Sample-pair values of “Likeness,” reflecting degree of 
probability density plot (PDP) or KDE overlap, were calculated as the difference between one 
and the summation of the absolute subtraction of the two probability curves at any given age, 
following Satkoski et al. (2013).  Sample-pair Kolmogorov-Smirnov (K-S) values were obtained 
by using the Excel Macro of Guynn and Gehrels (2010).  The K-S test utilizes a stepwise 
cumulative function on the basis of the analytical ages and the maximum distance between two 
cumulative distributions to determine statistical similarities. 
Whole-rock geochemical analyses of Stepladder pluton bedrock and derived sediments 
were obtained with a Thermo Fisher Series II quadrupole inductively coupled plasma mass 
spectrometer (Q-ICP-MS) at the Chemical Fingerprinting Laboratory of Laurentian University, 
Sudbury, Ontario, as reported by Modi (2011).  The xenolith sample was powdered in a 
shatterbox using an alumina dish/puck, and major oxide concentrations where obtained by fused 
borate glass bead X-ray fluorescence (XRF), using a Bruker S8 Tiger sequential wavelength-
dispersive X-ray spectrometer.  Trace-element data were obtained both by pressed pellet XRF 
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and by PerkinElmer ELAN DRCII ICP-MS following the procedures of Jenner et al. (1990).  All 
analyses of the xenolith were done at The Earth Resources Research and Analysis Facility of 
Memorial University of Newfoundland and Labrador, St. John's, Canada. 
4. Results 
4.1. U-Pb zircon ages 
Seven hundred ninety-two individual U-Pb zircon dates were obtained, of which six 
hundred eighty eight passed the rejection criteria described earlier (fig. 5).  A similar proportion 
of rejection occurred in bedrock and sediment samples, spanning from Pleistocene to 
Paleoproterozoic.  Also, within the detrital rejected ages ~15% are Cretaceous and 19% are 
Proterozoic, suggesting that no biasing occurred throughout the applied rejection criteria.  On the 
basis of dates from four bedrock (n = 102) and two regolith samples (n = 52), emplacement of 
the Stepladder pluton occurred 74.7 ± 3.7 Ma (2σ), an age consistent with a Late Cretaceous 
40Ar/39Ar cooling age reported by Foster et al. (1990).  Among the total number (n = 154) of 
zircon ages from the pluton the dominant majority are Upper Cretaceous (80.5%, n = 124, fig. 6); 
a small number of xenocryst/core ages are Lower Cretaceous (1.3%, n = 2), Mesoproterozoic 
(5.8%, n = 9), and Paleoproterozoic (12.3%, n = 19).   
Among the total number of detrital zircon grains (n = 514), fewer than half are Upper 
Cretaceous (40.5%, n = 208).  The majority of the detrital zircon grains are Precambrian, 
specifically Paleoproterozoic (30.7%, n = 158) and Mesoproterozoic (25.3%, n = 130).  Fewer 
than 5 % of the ages are between Neoproterozoic and Miocene.  All zircon dates for the xenolith 
sample (n = 20) are Mesoproterozoic.  
10 
 
 
 
4.2. Whole-rock geochemistry 
Modi (2011) analyzed major- and trace-element geochemistry of 16 of the 17 samples for 
which we obtained the U-Pb zircon ages (fig. 7).  Most major-oxide concentrations of the four 
individual bedrock samples vary by <1 wt. %, whereas SiO2 varies by ~3 wt. %.  For the 
sediment samples, finer-grained samples (i.e. medium and fine sand) are depleted in SiO2 
compared to bedrock samples.  Although the xenolith SiO2 composition is indistinguishable from 
that of the Stepladder pluton samples (68.8% versus 70.7-73.7 wt. %, respectively), the K2O 
content is noticeably different, with 8.2% K2O for the xenolith and a range of 3.4 to 4.2 wt. % for 
Stepladder pluton.  Also, the xenolith sample is more enriched in incompatible elements, such as 
Zr, Ba, Rb, compared to the Stepladder pluton. 
5. Quantitative Analysis of Bedrock and Detrital Zircon Ages 
Three ages modes (~74 Ma, ~1410 Ma, and ~ 1650 Ma) comprise the major zircon 
populations in both the pluton and derived sediments (fig. 5).  Given the geologic context and 
abundant ~74 Ma grains, the Stepladder pluton emplacement was during the Cretaceous.  The 
pluton also contains abundant Proterozoic xenocrysts.  For the bedrock and regolith samples, the 
~ 74 Ma population represents between 72% and 96% of the analyzed zircon crystals.  In 
contrast, the ~74 Ma component only comprises 52% of grains in the grus, which essentially is 
non-transported debris of regolith decomposition, and drops to a nadir of 18% in a coarse sand 
sample (fig. 6).  To further evaluate these age differences, it is useful to employ methods to plot 
all of the data, such as PDP or KDE.  However, simple visual examination of such plots may not 
be sufficient to arrive at robust conclusions with respect to the geologic evolution of sediment 
sources (e.g. Gehrels et al., 2011; Schoenborn et al., 2012), and such qualitative approaches 
11 
 
 
 
become impractical with larger data sets.  In order to fully evaluate the utility of zircon ages, 
numerical analysis is required (e.g. Satkoski et al., 2013; Vermeesch, 2013) regardless of 
whether it entails the use of PDPs (e.g. Ludwig, 1991; Sircombe, 2000) or KDEs (e.g. Sircombe 
and Hazelton, 2004).  
Given 16 samples it is possible to make a total of 120 ((n*(n-1))/2) comparisons between 
sample pairs.  The Likeness metric of Satkoski et al. (2013) is a measure of overlap between any 
pair of PDPs or KDEs.  All comparisons of bedrock-bedrock (or regolith) pairs (n = 15) have 
high Likeness values.  On the basis of PDP overlap, there are no statistical differences among all 
possible pairs of bedrock-bedrock (or regolith) samples.  Similarly, of the comparisons among 
the 10 sediment samples, most have high Likeness values.  In contrast, of the 60 possible 
pairwise comparisons of bedrock versus sediment samples, only a few have relatively high 
Likeness values, while the majority has low likeness values. The lowest Likeness value (17%) 
occurs between coarse sand sediment (CF 96 34) and bedrock samples.  On the basis of PDP 
overlap, there are large statistical differences between most bedrock and sediment zircon ages.  
Likeness values using KDEs of the same 120 sample pairs are generally similar to those derived 
utilizing PDPs.  The larger disparity between PDP and KDE Likeness values occurs when 
comparing sediment versus sediment (for further detail see repository data), for which the 
average Likeness value of sediment pairs drops approximately 10%.  
The K-S test (Press et al., 1992), which assesses the null hypothesis that two 
subpopulations were derived from the same population at 95% level of confidence (a p-value of 
0.05), yielded similar results (fig. 8).  All Stepladder pluton intra bedrock sample comparisons (n 
= 15) fail to reject the null hypothesis.  Similarly, 42 of the 45 sediment-sediment sample pairs 
fail to reject the null hypothesis.  The three sample pairs for which the null hypothesis can be 
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rejected are samples of coarse sand.  In contrast, of the 60 bedrock-sediment pair comparisons, 
46 (~77%) do reject the null hypothesis.  The xenolith sample has a unimodal age distribution 
and thus has low Likeness values compared to most samples and also rejects the null hypothesis.  
The results of both Likeness comparisons and application of the K-S test suggest that: 1) 
all bedrock samples represent the same population of zircon ages; 2) most sediment samples 
represent the same population of zircon ages; 3) most sediment samples have age populations 
that overlap the same age groups as the bedrock, but the differences in proportion of grains in 
each age group makes the bedrock-sediment pairs statistically different.  This is particularly 
surprising given that most sediment samples were collected within 1 km of bedrock exposures of 
the pluton.  It is thus important to determine if there are systematic differences in the 
characteristics of zircon grains (e.g. size, chemical composition, degree of metamictization, etc.) 
that would explain the age proportion discrepancies.  It is also essential to determine if there is a 
correlation between distance from the pluton and the location of the sediment samples.  
6. Discussion 
There are several possibilities that could explain the disproportionate abundance of 
Proterozoic zircon grains in the sediment: 1) variation in mechanical stability of Proterozoic 
zircon 2) a weathering and sorting bias, or 3) a major allochthonous Proterozoic source (i.e. in 
the form of xenocrystic and/or aeolian zircon).  In other words, do proportions of ages reflect 
external sources and/or physical weathering processes?  
If magmatic Cretaceous zircon were more metamict than Proterozoic xenocrystic zircon, 
then the former ones might break down more readily, causing a preservational bias of older 
grains.  However, there is no visual appearance of metamictization of the Cretaceous grains, the 
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U content of the Cretaceous grains overlaps those of the Proterozoic grains (fig. A2), and 
because metamictization is also linked to age, it is the Proterozoic grains that would be expected 
to break down more readily. 
Another possibility is that the Proterozoic zircon grains are more readily released from 
the bedrock than the Cretaceous magmatic grains as part of a differential breakdown of the 
bedrock.  Such a case could be envisioned if xenocrystic Proterozoic zircon crystals are 
interstitial grains, whereas Cretaceous zircon crystals are inclusions within other minerals phases 
(e.g. biotite).  Upon breakdown of the granitic bedrock the Proterozoic xenocrysts would be 
released whereas the Cretaceous zircon would only be released upon breakdown of its host 
mineral.  In such a scenario, one would expect the highest percentage of Proterozoic grains 
proximal to the inselbergs and the percentage of Cretaceous grains to increase with distance from 
the inselbergs, after enough sediment transport that host grains had physically broken down.  
However, there is no correlation between the percentage of Cretaceous zircon and sediment grain 
size (fig. 6) or distance.  Detrital samples contain on average 40.8% of Cretaceous zircons; 
however, the sample containing the least amount of Cretaceous grains (18.4%) was collected ~ 3 
km from the bedrock samples. The opposite result would be expected if this hypothesis was 
feasible. 
Xenoliths in the Stepladder pluton themselves could be considered a potential source of 
the Mesoproterozoic detrital zircon grains as one xenolith sample studied yielded a single modal 
age of ~1.4 Ga.  That xenolith also has a higher zirconium content than that of the Stepladder 
pluton (417 ppm compared to 170 ppm); thus it is clearly more zircon-fertile than the 74 Ma 
granodiorite.  However, the net area of exposed xenoliths in the area is extremely small 
compared to that of the 74 Ma pluton, limiting the amount of 1.4 Ga grains available from this 
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source to actively transporting sediment.  More importantly, exposed xenoliths do not crop out in 
the same watershed as the one where our detrital samples were collected (see fig. 2 for 
locations).  Additionally, the chemical composition of the xenolith is easily distinguishable (fig. 
7) from that of the bedrock and the sediment samples.  On the basis of a SiO2 and K2O mixing 
model, using average bedrock composition and the xenolith sample as end members, none of the 
sediment samples plot on the expected mixing line. If a substantial amount of sediment from 
weathering of the xenolith was mixing with detritus from the Stepladder pluton, as would be 
required to explain the large abundance of Mesoproterozoic zircon, we would expect to see 
changes in bulk sediment chemical composition consistent with two component mixing.  On the 
basis of outcrop location and geochemistry, we conclude that the xenolith did not provide detrital 
zircon grains in any significant way to the sediment samples. 
Lastly, in order to evaluate the potential of a major input of aeolian sediments from the 
Proterozoic surrounding rocks into the alluvial sediments and the Stepladder pluton piedmont 
(figs. 1, 2), we utilized the zircon nominal diameter (DN = (Ds*Di*Dl)1/3, where Ds ,Di, and Dl 
are the length of the short, intermediate and long axes of a grain, respectively; Garzanti et al., 
2008).  While it is only possible to measure two axes in the cathodoluminescence image of the 
grains (Ds and Dl), the tetragonal nature of zircon allows us to estimate the third, as Ds≈Di (e.g. 
Lawrence et al., 2011).  Average DN values for Cretaceous, Mesoproterozoic, and 
Paleoproterozoic are 83.6 µm, 97.9 µm, and 79.5 µm respectively (fig. 9).  When comparing 
these populations using the K-S test, we find that the Mesoproterozoic group is statistically 
distinct from the Cretaceous and Paleoproterozoic groups.  However, all three groups have 
considerable, and largely overlapping, range of zircon DN values; 50-224 µm for the Cretaceous 
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mode, 54-197 µm for the Mesoproterozoic mode, and 41-179 µm for the Paleoproterozoic one 
(fig. 9). 
A lack of statistical difference between the sizes of Cretaceous and Paleoproterozoic 
grains indicates that a major allochthonous source, such as aeolian input, for Paleoproterozoic 
zircon is questionable.  Furthermore, the mean DN of Mesoproterozoic zircon grains is ~ 20 µm 
coarser, similarly indicating that an aeolian source for these zircon grains could be unlikely.  Pye 
(1987) and Sun et al. (2002) recognized that aeolian material, mostly quartz, feldspars and micas, 
that has traveled relatively short distances typically contain no more than 8-10 % grains as large 
as fine sand.  However, as we do not have a zircon size analysis of the potential aeolian sources, 
we cannot rule out the possibility that potential aeolian zircon of similar size (or even larger) to 
the zircon in the Stepladder pluton could be available.  Allocthonous sources, such as aeolian 
sediments from the near-by Paleoroterozoic gneisses and Mesoproterozoic plutons, could explain 
some of the excess of Proterozoic zircons of the alluvial Stepladder sediments.  The majority of 
the minerals in such sediment would obviously reflect the granitic nature of their sources (i.e. be 
primarily quartz and potassium feldspar grains). Their addition to the locally derived sediment 
from the Stepladder pluton would thus cause, at most, only a minor change in the major element 
composition of the sediment mixture. However, the trace-element characteristics of the 
Proterozoic granitic gneisses in the region could be different enough from that of the Stepladder 
pluton that even a small addition of such material could produce a mixed sediment with a 
noticeably different trace element pattern to pure Stepladder-derived sediment.  An even more 
obvious difference in such a mixture would be the proportion of Proterozoic to Cretaceous 
zircon.  There is some support for this idea in that REE patterns of sediment, regardless of bulk 
sediment size, is different from the REE patterns of the Stepladder pluton samples (see Modi, 
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2011).  However, isolating the effects of hydraulic sorting from those of addition of a secondary 
aeolian source for the Stepladder pluton alluvium sediments remains challenging without an 
additional, independent line of geochemical analyses (e.g. isotopic compositions).  
7. Heterogeneity and homogeneity of U-Pb ages - Implications 
Detrital zircon age distributions vary minimally with sediment size from fine sand 
through gravel.  In contrast, the ratio of Cretaceous to Precambrian ages is noticeably different 
between the detrital and Stepladder pluton zircon populations.  A misrepresentation between the 
area of exposed rocks of a given age and detrital zircon populations recovered from modern 
alluvium in that area has been noted by other research groups (Sircombe and Freeman, 1999; 
Cawood et al., 2003; Hietpas et al., 2011b; Wissink and Hoke, 2016). Alluvium in the French 
Broad River of the southeastern USA provides a striking example of detrital zircon ages that 
poorly reflect the age of exposed crust in the watershed (Hietpas et al., 2011b).  Even closely 
spaced alluvial samples have dramatically different proportions of U-Pb zircon ages and thus age 
characterization clearly did not accurately reflect the areal extent of exposed crust in the area 
(Hietpas et al., 2011b).  For our particular case study, if only detrital zircon ages were considered 
most workers would conclude that there was a mixing of multiple sources.  However, because 
we are working in a well-characterized, point-source drainage system the decoupling between 
the source and its derived sediment is difficult to question. 
Many studies have shown significant variation on the presence/absence and proportion of 
detrital zircon ages in different environments.  Sircombe (1999) showed that in the eastern coast 
of Australia sediments are not homogenized along shore, and the sediment paths have higher 
potential of impacting zircon age spectra than age of proximal sources.  While Lawrence et al. 
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(2011) analyzed five samples from a single sand dune, and observed significant variations in the 
proportion of different age populations, specially related to zircon size.  
In contrast, Muhlbauer et al. (2017) analyzed samples within the span of a few meters 
from different bedforms in a single Cambrian fluvial channel, and concluded that samples of 
each sedimentary unit are statistically derived from the same population, and zircon size was not 
correlated to age.  Wissink and Hoke (2016) interpreted that in a major river catchment, the 
Yangtze River, the U-Pb age distribution was established in the upper reaches of the river 
system, and that the tributaries throughout the next ~2000 km did not change the distribution in a 
significant manner.   
When changes in age distributions are expected (e.g. Muhlbauer et al., 2017; Wissink and 
Hoke, 2016), sometimes they do not occur, while when variations in distribution are unexpected, 
like in this study, they do appear. Such inconsistencies suggest that our understanding of the U-
Pb ages distributions of detrital zircon is much more limited than previously thought.  
Determining U-Pb ages of detrital zircon is still very useful in broader crustal studies, much like 
examining the trace element patterns of well-homogenized fine-grained sedimentary rocks is 
useful in developing crustal evolution models, but is of restricted use for provenance ( e.g. 
Taylor and McLennan, 1985). The age of detrital zircon is clearly very important as a means to 
understand crustal recycling processes and mechanisms of production of new continental crust, 
but provides limited insight on provenance. 
It is unclear if the present study represents primarily a case of enrichment of Proterozoic 
grains or a depletion of Cretaceous zircon, especially as there is no correlation between Zr 
content (Modi, 2011) and Likeness values of bedrock-sediment sample pairs.  Regardless, we 
urge proceeding with significant caution when interpreting areal extent and fertility of sources 
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solely from the proportion of zircon ages.  Inferring sweeping changes in tectonic environments 
based solely on changes in proportions of detrital zircon ages should be particularly viewed 
cautiously, and supported with multiple lines of independent evidence.  
8. Conclusions  
Despite the Stepladder pluton being a point source of zircon grains within a restricted 
watershed, and in spite of the fact that derived sediments have been transported no more than 
seven kilometers, detrital zircon geochronology fails to statistically and numerically predict that 
sediment is being derived from that bedrock source.  The overwhelming majority (between 72-
96%) of U-Pb zircon ages of the bedrock and regolith are Cretaceous, with minor Proterozoic 
components; the sampled xenolith only contains Mesoproterozoic zircon.  In contrast, although 
the sediments do indeed contain bedrock-age zircon (Cretaceous, ~74 Ma, 55-18%), the 
proportion of older Proterozoic grains far exceeds what would be predicted based on the 
proportions present in the bedrock.  On the basis of the K-S test p-value and Likeness values 
(using PDP and KDE), the sediments appear statistically and numerically distinct from the 
bedrock/regolith.  
Although there is no statistical difference between Cretaceous and Paleoproterozoic 
zircon grain size and the Mesoproterozoic grains are larger than the other two groups, there 
remains the possibility that a significant percentage of Proterozoic grains could be wind-derived 
from nearby sources.  Inferring significant changes in provenance due to changes in relative 
proportions of age groups should thus be viewed with a significant degree of caution. Also, we 
consider unlikely that the Cretaceous zircons are more metamict, and thus breakdown more 
readily than those of Proterozoic age.  Mantling of Cretaceous zircons, with a concomitant 
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slower release of them relative to interstitial Proterozoic zircon, also seems unlikely as there is 
no correlation with distance or sediment size and percentage of Cretaceous zircon grains.  
Chemical differences, volume constraints, and the lack of fluvial connectivity rule out the 
xenoliths as a major source of Mesoproterozoic grains.   
The critical point of this study is that despite near optimal conditions for a one-to-one 
relationship between modern source and sink (i.e. minimal chemical weathering, a homogenous 
single source within the watershed, and proximity of the detritus to the source, less than 7 km of 
transport), detrital zircon ages fail the commonly used numerical and statistical tests of age 
comparison.  This phenomenon makes it clear that the interpretation of detrital zircon ages is 
more complex than previously thought.  The source-sink incongruity is likely to be an even more 
important phenomenon when working in larger regions and/or ancient environments as zircon 
age complexities increase with multiple sources and increasing age of sedimentary rocks.  Future 
work to fully understand the aeolian input of zircon in arid environments and whether changes in 
proportion of ages represent changes in sediment sources requires further tests. Such future tests 
should include collection of aeolian sediments for long periods of time, as well as fully 
geochemically characterizing host rocks and sediment.  Perhaps most importantly, adding 
additional, and independent, lines of inquiry to combine with U-Pb ages of detrital zircon could 
go far in more accurately constraining provenance. Such additional investigations could include 
dating of other accessory minerals (e.g. U-Pb dating of titanite and/or monazite) or determining 
their trace element and isotopic composition (e.g. Sr isotope composition of apatite, Nd isotope 
composition of monazite).   
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Figures 
 
Figure 1. Simplified geologic map (modified from Jennings et al., 1977) of the Stepladder 
Mountains (SM) area and sample locations.  Black rectangle indicates study area.  
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Figure 2: Satellite image of the Stepladder Mountain area showing major alluvial 
channels (blue). Shaded green are the modern Stepladder pluton inselbergs, while green outline 
is the Stepladder pluton, and red dashed line indicates the likely western most limit where mixing 
of Proterozoic with Cretaceous sources is possible. Black line (upper left) is the drainage divide. 
Line A-A’ is the vertical profile.  
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Figure 3. Low altitude oblique aerial image of the headwaters of the Stepladder pluton, 
looking west. Note the uniformity in rock type reinforcing that the Stepladder pluton is a point 
source of sediment.  Inset photograph clearly shows the proximity of sediment to the granitic 
source, demonstrating the local production of fine sediment.  
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Figure 4. Picture of one of the highest inselbergs in the region, located 1 km southwest of 
the cluster of sediment samples shown in figure 2. The photograph illustrates the substantial 
amount of bedrock exposed in the watershed.  
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Figure 5. Kernel density estimate of samples ordered from bedrock (and regolith), xenolith, 
and sediment ordered by modal grain size.  Note the significant difference in ratio of 
Cretaceous/Precambrian zircon between bedrock and sediment samples.  
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Figure 6. A. The proportion of ages in the igneous samples (Br: bedrock; Reg: regolith; 
Xeno: Xenolith). Black circles are magmatic Cretaceous crystals, gray circles are 
Mesoproterozoic crystals, and white circles are Paleoproterozoic crystals.  B. The proportion of 
ages in the detrital samples (G: gravel; VCS: very coarse sand; CS: coarse sand; MS: medium 
sand; FS: fine sand). Note the decoupling of proportion of Cretaceous zircons between the 
bedrock and the sediments, and the increase of both Mesoproterozoic and Paleoproterozoic 
grains in the detrital samples.  
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Figure 7. Plot of silica and potassium oxide content of all samples (modified from Modi, 
2011). Bedrock and coarser sediments have higher silica than the finer sediments. Note the 
difference in potassium content of the xenolith. The line between average bedrock and the 
xenolith represents a two component mixing model and the crosses indicate 10% increments 
between the end-members.  Sediment samples do not plot on the mixing line between bedrock 
and xenolith.  
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Figure 8. Comparison of 130 sample pairs. K-S p values ≥ 0.05 indicate that the null 
hypothesis fails to be rejected with 95% confidence. Note that all bedrock (B-B) sample pairs 
and most sediment (S-S) sample pairs have high Likeness values and fail to reject the K-S null 
hypothesis; most the bedrock-sediment (B-S) sample pairs have low likeness values and the 
majority of the pairs reject the K-S null hypothesis. 
29 
 
 
 
 
Figure 9. Histograms of the nominal diameter (Garzanti et al., 2008) of the zircon grains 
separated based on the 3 age modes; µ is the mean and σ is one standard deviation of the 
lognormal best fit line of the individual age groups. Note the Mesoproterozoic group is 
statistically coarser than the other two groups. 
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Chapter 2. Thermochronological and isotopic characterization of 
single apatite crystals and search of secondary radiogenic Sr signal 
Abstract 
Sediment sources are commonly characterized to better our understanding of the 
evolution of surficial and crustal processes.  Single-grain dating of accessory minerals (e.g. U-
Pb, fission track, and (U-Th)/He systems), is frequently used for provenance analysis.  While 
multiple characterization of single crystals is not as commonly used, is more advantageous as it 
can provide additional information about the source and history of the detritus.  In this study we 
developed a dual characterization of single grain apatite, mostly Durango apatite, obtaining the 
87Sr/86Sr isotopic composition and the (U-Th)/He date.  We also present some of the difficulties 
and tests associated with the method.  The two isotopic signatures provide independent 
characterization, the composition of the magma and the low-temperature exhumation of history 
of the apatite grain.  Isolation of Sr and U + Th + Sm was successfully achieved following He 
extraction from the apatite using Sr-specific resin.  The average (U-Th)/He age obtained after Sr 
separation was 31.5 ± 5.7 Ma (2σ), which is well within previously published values.  The 
87Sr/86Sr composition of undegassed Durango apatite was 0.70634 ± 4 (2σ), consistent with 
published high-precision analyses from other laboratories.  However, Durango apatite 87Sr/86Sr 
composition after He degassing is more radiogenic, with values ranging from 0.70634 to 
0.70977.  Also, apatite from the Stepladder pluton was analyzed as proof of concept.  The 
Stepladder pluton is a Cretaceous granodiorite located in the eastern Mojave Desert, SE 
California. The average (U-Th)/He age of the sample was 20.7 ± 6.9 (2σ), which is consistent 
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with the rapid cooling during the Tertiary extension of the region.  The average Stepladder 
pluton undegassed apatite 87Sr/86Sr ratio was 0.71039 ± 38 (2σ), while degassed apatite 
87Sr/86Sr ratios ranged from 0.70802 to 0.70978.  Evidently, the Sr isotopic composition of 
apatite is affected during the He degassing stage.  To determine the source of excess of 
radiogenic Sr we performed a variety of tests: 1) To evaluate if the tubes themselves were such 
source, Nb and Pt tubes were used during degassing and also extracted a few apatite grains from 
the tubes prior to dissolution.  In all cases the Sr isotopic composition of Durango was affected; 
2) To determine if a coating was developed on the apatite grains during degassing, we leached 
undegassed and degassed quartz grain.  There was a dramatic increase in Sr concertation on the 
leaches from undegassed (24 ppm) to degassed (166-553 ppm) quartz grains.  An inverse mixing 
model was applied to determine that Nb tube are a possible source of contamination.  Given the 
potential utility this dual characterization of apatite for provenance analysis and orogenic 
evolution, it warrants further work to overcome the variation on 87Sr/86Sr ratios after degassing. 
1. Introduction  
Researchers use a variety of different geochronological, thermochronological, and 
isotopic techniques for provenance analysis, the characterization of sediment source, in order to 
gain better understanding of surficial and crustal processes.  These techniques can provide 
information on change in source terrains (Miller et al., 1992; Gehrels et al., 1995; Zattin et al., 
2012), variation in exhumation rate (Garver et al., 1999; Reiners et al., 2002), sediment dispersal 
paths (Thomas, 2011), and paleogeographic reconstructions (Schermer et al., 2001; Fedo et al., 
2003).  
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Single-grain dating of accessory minerals (e.g. apatite and zircon), using U-Pb, fission 
track, and (U-Th)/He techniques, is commonly used in provenance studies.  While such dating 
often provides adequate characterization of individual grain ages, in some cases they provide 
ambiguous results with respect to provenance, such as when sediment is derived from various 
sources with similar crystallization or exhumation ages, when a bedrock unit lacks material 
suitable for dating (Hietpas et al., 2010), or when sediment is polycyclic.  These uncertainties 
have led to the development of multi-method characterization of mineral suites, often in the form 
of multi-dating a single crystal (Rahl et al., 2003; Danišík et al., 2010; Zattin et al., 2012) or 
combining single grain dates with isotopic characterization of whole-rock samples (Schoenborn 
et al., 2012; Caxito et al., 2014).  
Although zircon dating has been successfully applied in provenance studies (e.g. Rahl et 
al., 2003; Gehrels et al., 2011), its refractory nature allows it to potentially survive numerous 
sedimentary cycles leading to ambiguity between immediate and original sources.  Zircon can 
also endure multiple magmatic cycles, and the mixture of crystallization and ages inherited from 
xenocrysts may obscure true provenances (Miller et al., 1992; Dill, 1998).  As a result, relying 
exclusively on detrital zircon U-Pb ages can yield inconclusive or confounding results and may 
potentially result in spurious interpretations (Miller et al., 1992; Hietpas et al., 2010, 2011).  
Other commonly-used provenance indicators such as mineral abundances or trace element 
content of sedimentary rocks may also not suffice to arrive at a correct identification of sediment 
source as these signatures often yield non-unique results (Pe-Piper et al., 2008; Basu et al., 
2016).  Although a less common approach, the dating of single grains using multiple techniques 
may serve to greatly elucidate sediment sources (e.g. Bernet et al., 2006; Zattin et al., 2012; 
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Tatzel et al., 2015) and constrain thermo-tectonic histories of source regions (e.g. Danišík et al., 
2010; Thomson et al., 2014).  
Like zircon, apatite (Ca5(PO4)3(F,Cl,OH)) is a common accessory mineral in silicic 
igneous (Piccoli and Candela, 2002), metamorphic (Spear and Pyle, 2002), and clastic rocks 
(Morton and Yaxley, 2007).  Despite decreased chemical stability in acidic ground water and 
soils (Morton and Hallsworth, 1999), apatite persists in heavy mineral assemblages of sands and 
sandstones.  It has been shown to be a valuable tool in determining sediment provenance via 
single grain apatite fission track dating (e.g. Carrapa et al., 2006), as well as in 
thermochronologic studies using multiple dating techniques per grain, primarily U-Pb, (U-
Th)/He, or fission track ages (Carrapa et al., 2009; Danišík et al., 2010; Zattin et al., 2012).  In 
this study we examine the potential for provenance studies by combining thermochronologic and 
Sr isotopic characterization of single apatite crystals. 
The dual characterization of apatite consists of obtaining a (U-Th)/He date, which 
provides low-temperature (~70 °C; Wolf et al., 1996; Stockli et al., 2000; Farley, 2002) 
thermochronologic information associated with its exhumation history, and the 87Sr/86Sr isotopic 
composition of the apatite, which reflects the Sr isotopic composition of the magma from which 
it crystalized.  Combining these two independent isotopic signatures might provide further 
insight into the detritus source characteristics, thus increasing the utility of apatite in provenance 
studies. Different lithologies within a geographic region, for example, may have similar 
cooling/denudation histories and hence overlapping He ages, but each might exhibit unique Sr 
isotopic compositions.  Conversely, apatite grains derived from different sources may have 
distinct thermochronologic ages and yet be derived from crustal sources with broadly similar 
initial 87Sr/86Sr ratios.  This study develops a step-by-step procedure for the dual characterization 
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of apatite, assessing the effect of He degassing on the Sr radiogenic composition, and evaluates 
different tests that might help minimize problems that have been identified with this emerging 
technique, such as of the excess of Sr.   
2. Analytical Methods 
A description of the (U-Th)/He procedure (Fig. 1A) can be found in Farley (2002), and 
the Sr chromatographic separation (Fig. 1B) presented in this study is based on Charlier et al. 
(2006).  The protocol for the dual characterization of (U-Th)/He and 87Sr/86Sr is described below 
(Fig. 1C).   
In order to effect (U-Th)/He dating of apatite, grains must be euhedral (i.e. not be 
fragments), inclusion free, have a minimum dimension perpendicular to the c axis of 65 µm, and 
have low roundness.  These factors mainly affect the α-ejection correction and thus, the 
calculated age.  However, the same restrictions may not apply for obtaining 87Sr/86Sr.  Zircon 
inclusions do affect the Sr isotopic composition of apatite because they do not dissolve in 
concentrated nitric acid, but other more Rb-rich mineral inclusions like biotite do, and it is 
important to avoid them.  Thus one can carry out strontium analysis on a larger suite of grains 
than for (U-Th)/He determinations. 
The bulk of the analyses and tests presented here were performed using the Durango 
apatite standard obtained from the Thermochronology Research and Instrumentation Laboratory 
at the University of Colorado at Boulder.  The mineralogy and petrogenesis of Durango apatite 
(Cerro de Mercado, Durango, Mexico) was first describe by Young et al. (1969).  Samples of 
Durango apatite have been dated using the (U-Th)/He method (~ 31 Ma by Zeitler et al. (1987) 
and 31.02 ± 0.2 (1σ) Ma by McDowell et al. (2005).  Ignimbrites braketing Durango apatite 
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deposits yielded a potasium feldspar 40Ar/39Ar date of 31.44 ± 0.09 (1σ; McDowell et al., 2005).  
As proof of concept, apatite from the Stepladder pluton where also analyzed.  The Stepladder 
pluton is a Cretaceous granodiorite located in the Mojave Desert of southeastern California 
(Foster et al., 1990; Miller and Miller, 1991; Modi, 2011), with an87Sr/86Sr initial calculated 
value ranging from 0.710168 to 0.710700.  No previous (U-Th)/He dates have been reported for 
apatite from the Stepladder granodiorite; however, a fission track apatite date of ~ 24 Ma was 
cited by Foster et al. (1990).  Calculation of volume and FT corrections of the Stepladder apatite 
was based on the hexagonal prism equations of Ketcham et al. (2011).  Radiation damage and 
annealing were computed using the model of Flowers et al. (2009). 
2.1 Apatite preparation 
The Stepladder granodiorite sample from which apatite was separated was crushed, disk-
milled, and wet-sieved with 500, 250 and 50µm disposable nylon sieves.  The size fractions 
between 500-250 and 250-50 µm were then passed through a Frantz isodynamic magnetic 
separator.  All grains were separated into magnetic and nonmagnetic fractions with a front slope 
of 10°, a side slope of 20°, and a magnet current of 0.5 amperes.  Nonmagnetic grains were then 
passed through the Frantz again, with a front slope of 10°, a side slope of 10°, and a magnet 
current of 1 ampere.  The least magnetic minerals derived from this second pass were then 
segregated by density using tetrabromoethane (specific gravity = 2.97 g/cm³).  Denser minerals 
were then segregated with methylene iodide (specific gravity = 3.32 g/cm³).  Apatite crystals 
were then hand-picked from grains less dense than methylene iodide from both the 500- 250 and 
250-50 µm size fractions.   
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Hand-picked grains were examined using a microscope with polarized light and with a 
12X zoom.  For dual characterization, we hand-picked apatite grains with the fewest crystal or 
fluid inclusions and the least number of fractures. Crystals with inclusions and/or fractures were 
separately analyzed for Sr isotopes to test if these affected isotopic composition.  The axes of 
selected apatite crystals were then measured using a microscope with a calibrated reticule; if the 
length of the shortest axis was less than 65 µm the grain was rejected for (U-Th)/He analysis.  
All sample grains were photographed and described.  Features such as basal cleavage, partial 
grains, chipped areas or surfaces marks, and any inclusions were noted. 
2.2 He degassing  
This step is shown in figure 1A and the left hand side of figure 1C.  Apatite was placed 
into Nb or Pt tubes, which then were placed in a Cu planchet and heated under vacuum (10-7 torr) 
with a laser beam during two steps of 5 minutes each.  During outgassing, tubes act as a furnace, 
reaching temperatures of approximately 1000 °C (House et al., 2000).  3He, which was used as a 
tracer to determine 4He, was purified and concentrated using cryogenic methods (House et al., 
2000; Farley, 2002; Shuster et al., 2006). The 4He released during heating of apatite was spiked 
with a known quantity of 3He and measured by isotope dilution on a quadrupole mass 
spectrometer (ASI Alphachron® instrument at the University of Colorado at Boulder). 
2.3 Apatite dissolution 
After outgassing, apatite grains were placed in a Savillex beaker and 100 µL of a HNO3 - 
based 235U - 230Th - 145Nd tracer solution was added, and dissolved while still within their Nb or 
Pt tubes (dissolve and spike in Fig. 1A and C).  However, in some cases, the grains were 
removed from the Nb tube prior to digestion. The tracer solution was ~80% HNO3, with a trace 
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amount of HF added, a volume and molarity adequate for complete apatite dissolution.  When 
apatite grains were prepared for Sr isotope analyses only (i.e. not used for He dating), the 
dissolution was achieved by adding 100 µL of 80% HNO3(Fig. 1 B and C), with no HF and no 
REE tracer.  To guaranty full dissolution of degassed or undegassed grains, the beaker was 
placed on a hotplate at 100 °C for 2 hours.  
2.4 Element preconcentration – apatite 
Dual characterization of the apatite isotope 87Sr/86Sr and (U-Th)/He ages requires the 
isolation of Sr from other elements of interest (i.e. U, Th, Sm).  The Sr isotopic composition of 
apatite was measured by thermal ionization mass spectrometry (TIMS) using a Phoenix Isotpox 
at Syracuse University.  Uranium, Th, and Sm were measured by isotope dilution using the 
Element 2 ICP-MS at the University of Colorado at Boulder.  TIMS analysis of Sr necessitates 
that the Sr is isolated from Rb and Ca, because of isobaric interference at mass 87 by Rb, and 
because Ca inhibits ionization of Sr.   
2.4.1 Sr chromatography - U-Th Elution  
To separate Sr from other elements a 50-100 µm particle size resin was used.  The resin, 
called Sr- specific resin (Sr-specific®, Eichrom Technologies Inc.), retains Sr when in contact 
with nitric acid, and Sr is eluted from the column using water.  Prior to using the resin, any 
preadsorbed Sr was removed by placing ~0.5 g of resin in a Teflon bottle, filling it with ultrapure 
(18 MΩ) water (produced using a Milli-Q purification system), shaking it for 1 hour, and placing 
it on a hot plate at 60 °C for 24 hours, allowing the resin to sink.  After ~1 day, ultrapure water 
was poured out and replaced with a fresh batch.  This procedure was repeated 10 times. The 
cleaned resin was then stored in ultrapure water for future use.   
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In order to evaluate the Sr content of Sr-specific resin after this cleaning procedure, Sr 
blanks were measured at different stages; 1 ml aliquots of water were collected from the Teflon 
bottle once the resin was fully decanted (after at least 24 hours of settling) and prior to replacing 
the ultrapure water (Fig. 2).  There is a power law relationship between the Sr content in the 
water and the number of cleaning steps. The Sr concentration is 348, 18, 9 and 2 (pg/ml) for 
cleaning steps 1, 3, 5 and 9 respectively (Fig. 2).  A procedural blank of ≤ 2pg was considered 
satisfactory for use of the resin for single apatite samples. 
Strontium separations were done using Teflon micro-columns with a polypropylene frit.  
The volume of the column stem is approximately 100 µL and the reservoir has a minimum 
volume of 5 mL.  Approximately 100 µL of the previously cleaned Sr-specific resin was added 
to the column.  Prior to loading the sample, two full reservoirs of water were put through the 
resin, and then the resin was preconditioned with 0.5 mL of 3.5 M HNO3.  The samples were 
loaded onto the column with 0.1 mL of 3.5 M HNO3.  Subsequently 12 column volumes of acid 
were passed through the resin (Sr chemistry of Fig. 1C), accounting for 0.8 mL of 3.5 M HNO3 
(specifically 3 washes of ~ 0.03 mL and 2 of 0.35 mL), 2.45 mL of 3 M HNO3 + 0.05 M C2H2O4 
(oxalic acid [7 washes of 0.35 mL]), and 0.7 mL of 3.5 M HNO3 (2 washes of 0.35 mL).  The 
washes were combined in preparation for U-Th-Sm analysis (collect wash of Fig. 1C).  The 
addition of dilute oxalic acid to the 3 M HNO3 proved to be necessary for improving Th and U 
recovery (see section 3.1).  Finally, Sr was eluted from the column by passing 0.5 mL of water 
three times through the column (collect elution of Fig. 1C) and water dried down.   
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2.4.2 Second pass of Sr-specific chromatography – Sr collection 
Although a large percentage of Ca was removed in the first column elution, enough Ca 
remains in the Sr separate to significantly suppress Sr ionization via TIMS.  Thus, a second 
chromatographic separation was required to further isolate the Sr (2nd Sr chemistry of Fig. 1C).  
Clean new resin was used and preconditioned as previously described.  The dried down Sr 
elution from the previous separation was re-dissolved in 0.1 mL of 3.5 M HNO3.  After loading 
the sample onto the column, a total of 3 mL of 3.5 M HNO3 was passed through the resin in 9 
stages (3 of ~ 0.03 mL and 6 of 0.35 mL).  In this case, the combined HNO3 + C2H2O4 was not 
used.  The Sr was collected in a Teflon beaker by adding 1.5 mL of water (3 aliquots of 0.5 mL).  
Finally, 1 µL of H3PO4 was added to the beaker before drying the solution to ensure easier 
visibility of the dried Sr sample. 
2.5 Thermal Ionization Mass spectrometry – apatite 
Strontium samples and Sr standard (NBS 987) were loaded onto single Re filaments.  
Prior to loading, the Re filaments were outgassed at 3.0 A for 20 minutes under vacuum.  With a 
current of 1.25 A through the filament, Parafilm® was melted onto the filament, but a gap of 1-2 
mm was left in the center.  In this gap, 1 µL of Ta oxide emitter solution was loaded at a current 
of 0.8 A and then dried down (Charlier et al., 2006).  The sample, which was taken up in 1.5 µL 
of 2.5 M HCl, was then loaded onto the filament.  In case of NBS 987, 1 µL (94ng or 5 ng) of the 
standard was loaded.  Samples and standards were dried at ~0.8 A prior to slowly heating the 
filament to ~ 2.1 A (just before a visible red glow). 
Strontium analyses were performed using the Isotopx Phoenix® TIMS (HTC-053) at 
Syracuse University.  For most analyses, isotopic ratios were collected in multidynamic mode 
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using a three mass peak hop collection procedure (masses 86, 87, and 88 in the axial collector in 
cycles 1, 2, and 3, respectively).  In some cases, data were collected in static mode (mass 86 was 
placed in the axial collector); a constant current gain calibration was run prior to analysis on each 
amplifier with cross-reference to the axial Faraday in order to eliminate any biases.  In dynamic 
mode the peak hopping cancels out the biases that can be introduced from the amplifier boards, 
and thus it does not require gain calibrations.  In both modes the intensity of the mass 85 signal 
was measured to allow for an 87Rb correction on total mass 87, based on an 87Rb/85Rb ratio of 
0.385041 (Charlier et al., 2006).  All ratios are exponentially-corrected for fractionation using 
86Sr/88Sr = 0.1194 (Thirlwall, 1991).  Baselines on half masses (e.g. 86.5 amu) are measured at 
the beginning of every data block (20 cycles of 15 seconds in static mode and 30 seconds in 
dynamic mode per block).  For all samples and standards, 40 cycles minimum were obtained 
with a minimum 88Sr ion beam intensity of 300 mV.  However, in many cases ≥ 120 cycles with 
an 88Sr ion bean of ≥ 1 V were collected.   
Reproducibility and accuracy of Sr isotope ratios was tested by collecting data of the 
standard NBS 987 of varying concentrations (5 and 94 nanograms per µL).  The average 
87Sr/86Sr for ~ 94ng loads run dynamically is 0.710248 ± 0.000006 (n = 10).  Five ng loads 
returned indistinguishable values, within error, of 0.710241 ± 0.000018 (n = 5).  These values are 
identical, within error, of what is largely agreed to be the correct value of this standard (see 
Thirlwall (1991) for thorough discussion).  The average 87Sr/86Sr for ~ 94 ng loads run statically 
during the course of this study was 0.710281 ± 0.000024 (n = 19), and for 5 ng loads is 0.710282 
± 0.000041 (n = 8).  These values are ~ 0.00003 higher than the mean of our multidynamic 
values, presumably due to collector efficiency issues.  However, because this level of 
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discrepancy is within the uncertainty of the analyses of the Durango apatite grains we chose not 
to make any systematic adjustment to the ratios collected statically.   
3. Results 
3.1 U-Th recovery 
Strontium-specific resin has a high retentivity not only of Sr, but also for the actinides, Pu 
and Pb (Horwitz et al., 1991; 1992).  The addition of oxalic acid significantly reduces the 
partition coefficient of the actinides, improving U and Th recovery, with no impact on the Sr 
partition coefficient.  On the basis of our calibrations, most elements can be eluted within the 
first 3.6 mL of 3.5 M nitric acid.  The actinide elements required ~2mL of 0.05 M C2H2O4 + 3 M 
HNO3 to elute sorbed ions from the resin.  
We were able to test for degree of actinide recovery because all the Durango standards 
were spiked with 100 µL of 235U - 230Th - 145Nd tracer during dissolution, and we can estimate 
the recovery on the basis of U, Th and Nd counts per second.  For the first tests using Sr-specific 
resin that had a several-month old shelf-life with nitric acid only U and Th recovery yield was 
~5% and 6%, respectively.  When the nitric-oxalic acid was added, but still using an “old Sr-
specific resin”, average U and Th yields increased to ~26 and 33%, respectively.  It is well 
known that increased shelf-life of cleaned resin decreases Sr recovery (Charlier et al., 2006), and 
it appears to have a similar impact on U and Th recovery.  For that reason, when using a recently 
cleaned and new Sr-specific resin and a combination of nitric-oxalic, the average U and Th 
recovery was 75% and 78%, respectively (Fig. 3), with a maximum approaching 100%.  
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Durango apatite has a relatively high content of U and Th (~11 and 200 ppm, 
respectively; Young et al., 1969; Boyce and Hodges, 2005; Trotter and Eggins, 2006), and low 
recovery yields appeared to have no impact on the calculation of the (U-Th)/He ages (Fig. 4).  
However, because lower actinide element concentrations in other apatite could possibly affect 
(U-Th)/He ages or be below detection limits of the ICP-MS, we considered it necessary to 
increase the U-Th yield for unknowns.   
3.2 Undegassed Durango Apatite  
The mean 87Sr/86Sr for 12 undegassed Durango apatite grains, measured 
multidynamically, is 0.706336 ± 9/32 (2SE/2σ), with a range of 0.706318 to 0.706366 (Fig. 5A 
and 5B).  McFarlane and McCulloch (2008) reported a Durango apatite average 87Sr/86Sr of 
0.706290 ± 20 (2σ) analyzed by TIMS and obtained an average of 0.706380 ± 46/130 (2SE/2σ) 
by LA-ICP-MS, while Hou et al. (2013) obtained a mean value of 0.706340 ± 12/30 (2SE/2σ) by 
TIMS and a mean of 0.706290 ± 17/90 (2SE/2σ) by LA-ICP-MS; and Horstwood et al. (2008) 
published a single TIMS analysis with an 87Sr/86Sr of 0.706327 ± 14 (2SE).  Because the 
previously published values overlap, within error, with our results we conclude that Durango 
apatite appears to be homogeneous in terms of Sr isotope composition.  Furthermore, the 
consistency of the values we report with those determined previously suggests that our chemical 
and mass spectrometric procedures have not introduced any systematic bias to the 87Sr/86Sr of 
Durango apatite.  This is a critical point because, when we measured degassed Durango apatite, 
we obtained more radiogenic values, and a substantially larger range of 87Sr/86Sr ratios than for 
undegassed samples (Fig. 5A-C). 
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Even though there is no significant difference between running NBS 987 in static or 
dynamic mode, samples were compared when running in different mode to test if it would have 
an impact in the results.  The average 87Sr/86Sr of Durango apatite is 0.706336 ± 32 (2σ) and 
0.706356 ± 41 (2σ), run dynamically and statically, respectively.  The static measurements 
overlap with those determined dynamically, yet they are marginally higher (Fig. 5B).  Similarly, 
NBS 987 had higher values when run statically.  However, as this difference is within error we 
considered that no systematic correction was needed for the samples either.   
3.4 Undegassed Stepladder pluton Apatite 
For the purpose of this study we only utilized apatite grains from a single sample, CF 96 
08 (Fig. 6).  Apatite dissolution and isotopic determination were achieved following the 
protocols describe in sections 2.4 and 2.5.  The apatite grain from this sample have an average 
87Sr/86Sr ratio of 0.71039 ± 38 (2σ).  Once again, there was no difference when analyzing the 
Stepladder apatite grains statically or dynamically.  From a Sr isotopic composition zircon 
inclusions do not affect the 87Sr/86Sr ratios either. 
3.4 Degassed Apatite and the source of radiogenic strontium 
The Sr isotopic composition of undegassed Durango apatite determined following 
identical protocols for Sr separation as the undegassed Durango apatite has an excess of 
radiogenic strontium.  The range of 87Sr/86Sr values for degassed Durango is from 0.706339, 
overlapping with the mean value for undegassed samples, to a maximum of 0.709765 (Fig. 5C).  
Only four Stepladder pluton apatite grains were degassed, yielding an average age of 20.7 ± 6.9 
(2σ), consistent with the Tertiary extension of the area. Similarly to degassed Durango apatite, 
once degassed, the 87Sr/86Sr ratios are different from the undegassed ones (Fig. 6).  Yet, in this 
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case they are less radiogenic, and they range from 0.70802 to 0.70979.  In order to determine the 
source of radiogenic Sr, several experiments were conducted in degassed Durango apatite.  
3.4.1 Spike Test 
We tested if there was any difference in the 87Sr/86Sr ratios of Durango when adding the 
235U - 230Th - 145Nd tracer (Fig. 5B).  The average 87Sr/86Sr ratio with the spike was 0.70635 ± 6 
(2σ) and the average without the spike is 0.70636 ± 3 (2σ).  There is no impact on the 87Sr/86Sr 
from the spike and, in spite of achieving the expected values on undegassed apatite, the He 
outgassed Durango apatite is still considerably more radiogenic, and this is clearly not due to the 
actinide tracer. 
3.4.2 Niobium Tests 
Because of the difficulty of extracting grains from the Nb (or Pt) tubes in which they are 
placed for degassing, we originally dissolved degassed grains without removing them from their 
enclosing tubes.  Thus, we suspected that contaminant Sr might have come from the Nb tubes 
themselves, despite the tubes appearing to be visually unaffected.  To test this idea, we designed 
two independent experiments.  First, we carefully extracted two apatite grains from two tubes 
after degassing, but prior to dissolution, in order to measure 87Sr/86Sr without any contribution 
from acid leaching the Nb tubes.  These ‘unpacked’ grains were still more radiogenic than the 
undegassed apatite: their 87Sr/86Sr was 0.707702 and 0.709765 (samples 448 and 517, 
respectively), the latter being the most radiogenic composition of all the analyses of degassed 
Durango apatite (Fig. 5C). 
55 
 
 
 
The second experiment involved acid leaching empty tubes in order to measure the Sr 
concentration of the leachate.  The protocol for leaching of the tubes was identical to that of the 
dissolution protocol of apatite; 100 µL of 3.5 M HNO3 for 2 hrs. on a hotplate at 100°C.  Three 
leaching tests were performed: 1) leaching an unheated Nb tube, 2) leaching a Nb tube heated 
with a laser (current of 3A, not sufficient to completely degas He from apatite), and 3) leaching a 
Nb tube heated by laser to 6A (~ 1000°C), i.e. following the standard degassing procedure for 
(U-Th)/He dating.  Subsequent to the leaching of the unheated and the 6A-heated tubes, both 
tubes were completely dissolved in 100 µL of 29 M HF and 100 µL of 90% HNO3.  In order to 
determine Sr content by isotope dilution of the leachates and the dissolved leached tubes a high 
purity 85Rb-84Sr tracer solution was added.   
The heating of the Nb tubes appears to impact the Sr content of the leached tubes.  The 
unheated leached tube yielded 270 pg of Sr; leachate of the 3A heated tube produced 232 pg of 
Sr; and the leachate from the fully-degassed tube yielded 189 pg of Sr.  Moreover, the Sr 
concentration of the two dissolved Nb tubes (unheated and 6A heated) are identical within error: 
51 ppm and 49 ppm, respectively.  However, there appears to be a decrease in Sr content on tube 
leachate with an increase on heating temperature.  This suggests that perhaps variable quantities 
of Sr were being released from the near-surface of the tubes during heating, resulting in the 
development of some type of coating that was embedded on apatite grains.  This scenario is 
consistent with the highly radiogenic values of the two degassed unpacked apatite grains.  To test 
this idea further, we degassed quartz fragments in an identical manner to degassing apatite, 
unpacked the grains and then measured the Sr content of the leachate.  The rationale was that 
quartz contains virtually no Sr, and if a radiogenic Sr coating was being developed on mineral 
grains during laser heating of Nb tubes then this would be easily detectable in heated quartz.  
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Because quartz does not dissolve in nitric acid, we could dissolve the purported coating without 
dissolving the quartz, and thus expected that all measured Sr would be derived solely from the 
coating.  To ensure that was the case, i.e. that only a trivial amount of Sr came from the quartz, 
undegassed fragments of quartz were also leached.  Analogous to the leaching process of the 
empty Nb tubes, once the fragments of quartz were degassed and unpacked, they were placed in 
a beaker with 100 µL of 3.5 M HNO3 plus 4µl of the 
85Rb-84Sr tracer solution and placed on a 
hotplate at 100°C for 2 hours.  As expected, after two hours of heating the quartz fragment still 
appeared visibly unaffected.  The leachate from the two quartz leach experiments was dried and 
Sr was isolated following the chromatographic separation protocols described in section 2.4.  
The Sr content of the undegassed fragments of quartz was 36 pg, less than double that of our 
total procedural blanks (24 pg).  In contrast, the two leachates of degassed quartz yielded 166 
and 553 pg of Sr.  The difference in amount of Sr may be related to the differences in the surface 
area of the two quartz fragments, and thus the area where the coating is deposited.  The critical 
point, however, is that substantially more Sr is detected in the degassed quartz compared to 
untreated quartz (up to 15 times as much) providing strong evidence that a radiogenic Sr coating 
is being developed on the quartz grains, and thus likely is on degassed apatite grains as well.  
3.4.3 Platinum Test 
Because all of the above experiments to identify the source of radiogenic Sr were 
performed in Nb tubes, three Durango apatite grains were also degassed in platinum tubes, 
following identical degassing, dissolution, and elution protocols as described above.  Of the three 
Sr isotopic analyses, one was discarded because an unreliably high measured value of 84Sr/86Sr.  
The two remaining analyses produced the accepted value of 84Sr/86Sr and are reliable (Fig. 5C 
and Table 1).  The 87Sr/86Sr values for these two analyses are 0.70657 ± 4 (2SE) and 0.70660 ± 2 
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(2SE).  Although these values are more radiogenic than undegassed Durango apatite, they are 
much less so compared to the majority of Durango apatite degassed in Nb tubes (samples 507 
and 508 in Fig. 5C).  However, because the number of successful tests using Pt are limited, it is 
premature to conclude that Sr contamination is less severe in Pt tubes compared to Nb tubes.  It 
is also possible that the Sr contaminant is unrelated to the type of metal of the tube, but that its 
source has to do with some other, yet unknown, phase associated with laser heating during He 
degassing. 
3.5 The Calcium conundrum  
Often during the Sr analysis of degassed apatite grains, we often observe a surprisingly 
high voltage at mass 40 (most abundant isotope of Ca), implying high levels of Ca despite the 
double pass of the samples through the Sr-specific resin.  However, quantifying the amount of 
Ca can be challenging because it has a much higher ionizing potential relative to Sr.  Moreover, 
as stated before, Ca inhibits ionization of Sr, such that elevated amounts of Ca in the loaded 
samples, dramatically affect the quality of measurement of Sr.   
The increased voltage in mass 40 when analyzing Sr can be explained by, either adding 
Ca into the apatite samples from an external source during degassing, or by altering the apatite 
chemical structure while degassing. If there was such a source of additional of Ca, it is unlikely 
to be a pure Ca source, and thus it will contain some amount of Sr.  Therefore, the Ca 
contaminant provides the excess of Sr with its own isotopic signature, altering the degassed 
Durango apatite 87Sr/86Sr values.  
However, a more reasonable explanation for the high Ca voltage, would be that during 
degassing the chemical structure of apatite changes, producing CaO.  Calcium oxide is insoluble 
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in nitric acid, and it might not be washed in nitric during the chromatographic extraction as 
elemental Ca would, yet it might be eluted in water with the Sr.  In that case, the CaO is then 
loaded onto the filament with Sr and is ionized as Ca++.  The production of CaO during He 
outgassing could be tested by analyzing the chemical bonding of the elemental constituents of 
apatite after being heated at 1000°C.  If the observed high voltage in mass 40 is due to the 
changes in the chemical structure of apatite, then the excess of radiogenic Sr observed on the 
degassed Durango apatite cannot related to the Ca conundrum.  
4. Mixing Model 
During the search for radiogenic Sr source in degassed apatite, we conclude that the Sr 
coating developed during degassing is possibly coming from the Nb tubes, and also that the Sr 
isotopic composition of the Nb tubes may help explain the variations in the composition of the 
degassed apatite.  The hypothesis to be evaluated with the binary mixing model is whether the 
Nb tube is a feasible and unique source of contamination.   
The isotopic composition of a mixture of two isotope ratio end-members depends on the 
composition of the mixed components, the mixing proportion, and their concentrations (e.g. 
Faure and Mensing, 2005): 
 
where (87Sr/86Sr) A, B, and M are the Sr isotopic compositions of the end-members A and B and 
of the mixture M, fA and fB are the relative abundances of each end-member component, and 
SrA/SrM and SrB/SrM are the ratios of the Sr concentrations of the mixture and end-members.  The 
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mixing line generated from the above equation has a curvature determined by the ratio of the Sr 
concentration of each component (SrA/SrB).  The shape of the mixing hyperbola is a straight line 
when SrA/SrB = 1.0, if SrA/SrB < 1.0 the hyperbola is concave, and if SrA/SrB > 1.0 the hyperbola 
is convex (Faure and Mensing, 2005).   
We explored two mixing models, one where Durango apatite and Nb tube are the mixed 
components, and one where Stepladder pluton apatite and Nb tube are the end-member 
components (Figs. 7, 8, 9 and Table 1); Nb tube Sr composition is the same in both models.  We 
use the Sr content and isotopic composition of degassed Durango and Stepladder pluton apatite 
in conjunction with the measured isotopic composition of the Nb tube to determine if variations 
in measured compositions indeed reflect a shared end-member (Nb tube).  All degassed apatite 
used for the models were degassed in Nb tubes.  
4.1 Degassed Durango Apatite 
The Sr isotopic composition and concentration of Durango apatite are well known 
(0.70634 and 462 ppm); therefore, the model necessitates that the modeled “Durango apatite” 
end-member to be Durango apatite.  The second end-member is the Nb tube with an isotopic 
composition of 0.70918.  Because we lack data on the amount of Sr from this potential source, 
we evaluate two potential contributions; that from dissolved tubes with a Sr concentration of ~ 
50 ppm (determined by isotope dilution), and that from leached tubes estimated at 600 ppm (Fig. 
8)  
Typically, one would know the composition of end-members and mixtures, and evaluate 
whether mixtures define a hyperbolic trend between endmembers. In this instance, we adopt a 
mixing model of Sohn (2005), who developed an algorithm which utilizes estimated end-
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member compositions and concentrations to determine the “best-fit” binary mixing model 
parameters and assess the data variance.  The approach incorporates a Monte Carlo method to 
modify the initially guessed end-members to better estimate errors.  
As the Sr concentration of the apatite + contamination was not measured, the Sr 
concentration of model mixtures was determined by trial-and-error consecutive inverse models 
ranging between 50 - 462 ppm (Fig. 8A) and 462 - 600 ppm (Fig. 8B).  Most isotopic 
compositions of degassed Durango apatite allowed us to determine a suite of modeled end-
members.  In both models, differences between the initial and modeled end-members are within 
error, and can be disregarded (Fig. 8 and Table 2).  In both cases, the null hypothesis that the 
binary mixing is a better solution than random variation around the mean (based on an F statistic) 
fails to be rejected.  These modeling results strongly suggest that the Sr isotopic composition of 
degassed Durango apatite is indeed a mixture of that from the Durango apatite and that from the 
Nb tubes. 
4.2 Degassed Stepladder pluton Apatite 
In the case of degassed Stepladder pluton apatite there are only four samples with low-
quality data, due to a higher abundance of Ca relative to undegassed Stepladder apatite.  The 
Stepladder pluton apatite average 87Sr/86Sr is 0.71039 and Sr concentration of 285 ppm 
(determined by isotope dilution). Similarly to the described above mixing models, the modeled 
Stepladder pluton apatite end-member must be that of the Stepladder pluton apatite; and the 
second end-members are dissolved (50 ppm) and leached (600 ppm) Nb tubes (87Sr/86Sr = 
0.70918).  The Sr concentration of model mixtures were determined by repeated trial-and-error 
inverse models ranging from 50 - 285 ppm and 285 - 600 ppm (Fig. 9).   
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The difference between the initial and modeled end-members for both models of the 
Stepladder pluton apatite-Nb tube (Table 3) have larger differences than in the Durango-Nb tube 
cases, but the variations are still within error.  Although, the modeled end-members are very 
similar to the initial guessed end-members, the low number of samples reduces the statistical 
significance, such that the null hypothesis (of a F statistic test) that the variations of the data 
better fit a mixing model than a random distribution is rejected.   
4.3 Discussion of mixing models 
On the basis of all degassed samples and the coating that was found in the degassed 
quartz fragments, we suggest that the Sr isotopic composition of the contamination is similar to, 
if not identical to, that of the Nb tubes.  The 87Sr/86Sr of 0.70918 ± 64 obtained from the four 
inverse initial mixing models can be considered the source of contamination and remains the 
simplest explanation (Tables 2 and 3).   
The mixing proportions, the two most radiogenic degassed Durango (0.70928 and 
0.70976), and the least radiogenic degassed Stepladder pluton apatite (0.70802), are crucial to 
determining if the source of contamination are the Nb tubes.  For instance, assessing if the 
sample-contamination ratio changes with grain size and if those samples should be considered 
outliers or faulty data.  With regards to grain size, one can assume that with increasing grain size, 
the surface area to volume ratio decreases, and thus one would expect that in larger grains 
(  the 87Sr/86Sr ratio would be less impacted by the contamination.  This was confirmed 
by intentionally selecting larger Durango grains, which have similar isotopic composition to 
undegassed Durango (Fig. 5C).   
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On the other hand, as the Durango apatite component decreases and the Nb tube increases 
( , the isotopic composition of the mixture becomes more radiogenic.  Also, because in 
all cases Durango grains are degassed within the Nb tube, one would expect to have some 
amount of the Durango-component in the mixture.  For example, with a mixing proportion of 
0.5, where the sample and the contamination are both equal in weight (i.e. 1 ng each), we would 
expect the mixture to have a 87Sr/86Sr composition to be ~ 0.70776.  Thus, the higher the 
contamination to sample ratio, the more radiogenic the samples.  The end-members of a mixing 
model are the most extreme compositions, and having mixtures that do not fall in between the 
end-members would suggest that the assumed end-members are incorrect.  So in our case, having 
degassed Durango grains that are more radiogenic than the Nb tube or degassed Stepladder 
apatite less radiogenic than the Nb tube would imply that either the source of contamination is 
different for degassed Durango and for Stepladder apatite, which seems very unlikely.  There are 
multiple sources of contamination, yet to be found.  Or, lastly, those extreme analyses should be 
disregarded and the Nb tube is a true end-member.  Disregarding those data points would only be 
adequate if they were faulty.  It is hard to disregard the possibility of the Nb tubes as the source 
of contamination, however, as stated before, the high Ca content on the loads prevents high 
quality data, considering it risky to determine the source of the contamination with certainty.  
5. Conclusion 
Chromatographic separation of strontium from the REE for Sr isotopic characterization 
and (U-Th)/He dating is possible.  However, there is a discrepancy in the isotopic composition of 
He degassed apatite with that of undegassed apatite.  Such difference averts us, at this stage, 
from obtaining both the 87Sr/86Sr and the (U-Th)/He age in the same grain.   
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Uranium and Th recovery increases with the shorter life of the Sr-specific resin, and also 
increases with the addition of oxalic acid onto nitric washes (average of 75% and 78% of U and 
Th respectively).  However, U and Th recovery does not affect the U-Th/He ages.  Thus, if we 
could determine the source of radiogenic Sr and correct for it, this dual characterization of apatite 
would be possible.  
On the basis of the difference in Sr content of the degassed and undegassed quartz 
leachates, we conclude that the source of radiogenic Sr that affects the Sr isotopic composition of 
degassed apatite is in the form of a surficial coating.  The 87Sr/86Sr values of the Nb and Pt tubes 
could be significantly different from each other, depending on type of rock and its age.  For 
example,  Nb is commonly found as oxides in carbonatites, alkaline-peralkaline granitoids, and 
peraluminous granites and pegmatites (Shaw and Goodenough, 2011); while Pt is most 
commonly exploited from sulphide minerals in mafic and ultramafic igneous rocks (Gunn and 
Benham, 2009).  Yet the age of the ore can have a large of an impact as the source itself.  Also, 
we have no knowledge on the purification of the metal and production of the tubes and their Sr 
isotopic composition is merely speculative.  From all degassed samples, we could assume that 
the Sr isotopic composition of the contamination is similar to that of the Nb tubes, whether the 
tubes are the source or not.  The 0.70918 ± 64 and the 0.70918 ± 23 obtained from the inverse 
initial mixing model of Stepladder pluton apatite and Nb tube, and Durango apatite and Nb tube, 
respectively can be considered a possible 87Sr/86Sr composition of the source of contamination. 
5.1 Future work 
In order to decrease the extent of contamination, the Nb and Pt tubes could be extensively 
outgassed prior to degassing apatite, expecting to vaporize or diffuse the Sr from the tubes, as 
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shown by the variation of Sr content of the leaches between unheated and heated Nb tubes.  An 
additional test, would be outgassing numerous Durango apatite grains in Pt tubes and observe if 
the 87Sr/86Sr varies to the degree that it does when degassed in Nb tubes, which may allow us to 
more accurately characterize the source of radiogenic Sr, and thus determine a correction factor.  
It is also imperative to reduce the Ca excess on the loading of the samples. Calcium 
suppresses ionization of Sr during thermal ionization, impacting the quality of Sr analysis. A 
potential study to resolve the Ca conundrum is analyzing the changes on the chemical bonding of 
apatite after He outgassing.  If there is a production of CaO, it would be important to determine 
how to fully dissolve it or wash the CaO with the Ca allowing for improvement on the Sr 
measurements.  
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Figure 1. A. (U-Th)/He protocol based on Farley (2002). B. Strontium chromatography 
modified from (Charlier et al., 2006). A. New protocol for dual characterization of apatite (U-
Th)/He ages and 87Sr/86Sr. 
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Figure 2. Strontium content of purified water used for removing the Sr from Sr-specific 
resin.  Each cleaning step was ~24 hours and sampling of water took place at culmination of each 
step. A power law relation explains the distribution of the analyzed samples. A total of 10 
cleaning steps were accomplished to all resin prior to usage.  
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Figure 3. Uranium and Th recovery after Sr chromatographic separation. Analysis 1 
represents recovery using old Sr-specific resin (long shelf-life) and nitric acid elution. Analyses 
2-6 represent recovery using old Sr-specific resin and nitric-oxalic acid elution. Analyses 7-13 
are recovery using new Sr-specific resin (short shelf-life) and nitric-oxalic washes.  
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Figure 4. Effect of degree of U-Th recovery on (U-Th)/He ages.  Regardless of recovery, 
most samples fall within the of the University of Colorado 2015-2016 running average (U-
Th)/He age of Durango apatite (shaded area) determined without the Sr-chromatographic 
separation.  
70 
 
 
 
 
71 
 
 
 
Figure 5. A. All analyzed undegassed and degassed Durango apatite, either run in 
dynamic or static mode. B. Samples P1-P5 are previously published 87Sr/86Sr Durango ratios (red 
circles; Horstwood et al., 2008; McFarlane and McCulloch, 2008; Hou et al., 2013). Samples P1-
P3 are analyzed by TIMS and P4-P5 are analyzed by LA-ICP-MS.  Single analysis 2 standard 
error is shown as black error bars, while red error bars indicate the 2 standard deviation of the 
average of multiple Durango apatite analyses.  Samples s1-s4 (turquoise circles) are TIMS 
87Sr/86Sr analyses of single Durango apatite run in static mode. Samples d1-d14 (blue circles) are 
TIMS 87Sr/86Sr analyses of Durango standard run multidynamic mode.  Samples s1, s2, d5, d6, 
d10 and d11 were dissolved and spiked with the 235U - 230Th - 145Nd tracer. The remaining 
samples were not spiked. Note there is no difference between static and multidynamic mode 
analyses, or spiked and un-spiked samples. C. Degassed Durango apatite in Nb tubes (left of 
black vertical line) and Pt tubes (right of vertical black lines, samples 507 and 508).  
Multidynamic (blue) and static (turquoise) isotopic compositions of degassed Durango apatite 
are indistinguishable. Sample 448 and 517 are Durango standards that were taken out of their Nb 
tubes prior to dissolution. Samples 503 and 504 are large grains, where the sample/secondary 
source ratio may be larger and 87Sr/86Sr ratios are similar to undegassed Durango apatite.  
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Figure 6. Undegassed (lilac triangles) and degassed (purple triangles) Stepladder pluton 
apatite (CF 96 08).  Black error bars represent 2 standard error.  Larger errors show the low 
quality of data, due to the high Ca content of samples at time of thermal ionization.  Also, 
degassed Stepladder apatite are less radiogenic that the degassed ones.  Samples 1 and 2 are large 
grains.  Samples 2, 6, 7, 11, 13 have zircon or fluid inclusions. 
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Figure 7.  Isotopic composition of undegassed and degassed Stepladder pluton and 
Durango apatite.  Note that the degassed samples converge towards the Nb tube isotopic 
composition.  
74 
 
 
 
 
75 
 
 
 
Figure 8. A. Durango apatite and dissolved Nb tube inverse mixing model. B. Durango 
apatite and leached Nb tube inverse mixing model. In both figures, red circles and hyperbolas are 
initial end-member components. Durango apatite and dissolved Nb tube Sr concentrations and 
87Sr/86Sr ratios are well constrained.  Strontium concentration of leached tube is estimated. Blue 
asterisks and hyperbola are modeled end-member components. Open circles represent degassed 
Durango apatite with errors (1σ).  Note the lack of difference between the initial and modeled 
mixing components composition. All values are reported in tables 1 and 2. 
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Figure 9. A. Stepladder pluton (CF 96 08) apatite and dissolved Nb tube inverse mixing 
model. B. Stepladder pluton (CF 96 08) apatite and leached Nb tube inverse mixing model. In 
both figures red circles and hyperbolas are initial end-member components. Stepladder apatite 
and dissolved Nb tube Sr concentrations and 87Sr/86Sr ratios are well constrained.  Strontium 
concentration of leached tube is estimated. Blue asterisks and hyperbola are modeled mixed 
components. Open circles represent degassed Durango apatite with errors (1σ).  Note the lack of 
difference between the initial and modeled mixing components composition. All values are 
reported in tables 1 and 2. 
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Tables  
   
Mix-model 
Dissolved Tube 
Mix-model      
Leached Tube 
Sample Name 
87Sr/86Sr
m 
2SE 
Sr 
(ppm) 
1 σ 
Sr 
(ppm) 
1 σ 
Degassed 
Durango 407 0.70650 0.00008 411 46 473 46 
Durango 438 0.70695 0.00006 294 46 498 46 
Durango 439 0.70928 0.00007 48 46 598 46 
Durango 440 0.70676 0.00002 379 46 486 46 
Durango 443 0.70703 0.00002 277 46 506 46 
Durango 444 0.70678 0.00007 368 46 493 46 
Durango 448 (unpacked) 0.70770 0.00008 172 46 540 46 
Durango 458 0.70681 0.00003 326 46 496 46 
Durango 459 0.70664 0.00009 392 46 480 46 
Durango 460 0.70706 0.00001 268 46 508 46 
Durango 461 0.70780 0.00004 167 46 543 46 
Durango 500 0.70640 0.00002 437 46 468 46 
Durango 501 0.70702 0.00010 285 46 505 46 
Durango 503 (large) 0.70634 0.00002 463 46 463 46 
Durango 504 (large) 0.70639 0.00003 460 46 465 46 
Durango 517 (unpacked) 0.70977 0.00006 30 46 607 46 
Durango 507 (Pt tube) 0.70657 0.00008 - - - - 
Durango 508 (Pt tube) 0.70660 0.00004 - - - - 
CF 96 08 A01 0.70978 0.00031 100 29 372 29 
CF 96 08 A02 0.70911 0.00021 40 29 636 29 
CF 96 08 A03 0.70939 0.00020 70 29 484 29 
CF 96 08 A04 0.70802 0.00048 20 29 1400 29 
Nb Tube 0.70918 0.00025 50 - 600 - 
Undegassed 
Sample Name 
87Sr/86Sr
m 
2SE/2σ 
Sr 
(ppm) 
1 σ 
Sr 
(ppm) 
1 σ 
CF 96 08 Ap (n13) 0.71039 
0.00011/3
8 
285 - 285 - 
Durango (n18) 0.70634 0.00001/4 462 - 462 - 
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Table 1. All samples degassed in Nb tubes, except for Durango 507 and 508. Durango 
503 and 504 intentionally picked as large grains. Sr content of degassed samples was estimated 
based on mixing model. Nb tube was individually degassed as all degassed apatite. Sr content of 
dissolved tube was determined by isotope dilution, while the leachate concertation was 
estimated. Undegassed CF 96 08 Ap is the average of 13 individual apatite crystals. Average Sr 
concentration (285 ppm) was determined by isotope dilution of 2 crystals. Undegassed Durango 
is the average of 18 Durango apatite grains. Strontium concentration based on Young et al. 
(1969).  
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Component (A) Component (B) Concentration 
 
Durango Apatite Dissolved Nb Tube Ratio 
 
87Sr/86Sr σ 
Sr 
(ppm) 
σ 87Sr/86Sr σ 
Sr 
(ppm) 
σ SrA/SrB σ 
True Values 0.70634 - 462 
 
0.70918 - 50 - 0.11 - 
Initial Model 0.70634 0.00013 463 113 0.70918 0.00013 50 113 0.11 0.01 
Final Model 0.70633 0.00004 473 37 0.70918 0.00023 53 11 0.15 0.01 
 
 
Durango Apatite Leached Nb Tube 
  
True Values 0.70634 
 
462 - 0.70918 - 600 - 0.77 - 
Initial Model 0.70634 0.00013 462 113 0.70918 0.00013 600 113 0.77 0.01 
Final Model 0.70634 0.00010 463 7 0.70918 0.00023 605 9 0.77 0.09 
 
Table 2. Results for inverse mixing model of degassed Durango apatite and the dissolved and leached Nb tube. 
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Component (A) Component (B) Concentration 
 
Stepladder Apatite Dissolved Nb Tube Ratio 
 
87Sr/86Sr σ 
Sr 
(ppm) 
σ 87Sr/86Sr σ 
Sr 
(ppm) 
σ SrA/SrB σ 
True Values 0.71039 - 285 
 
0.70918 - 50 - 0.17 - 
Initial Model 0.71039 0.00064 285 70 0.70918 0.00064 50 70 0.17 0.01 
Final Model 0.71026 0.00012 291 25 0.70911 0.00005 47 4 0.18 0.02 
           
 
Stepladder Apatite Leached Nb Tube 
  
True Values 0.71039 - 285 
 
0.70918 - 600 - 2.10 - 
Initial Model 0.71039 0.00023 285 70 0.70918 0.00064 600 113 2.10 0.01 
Final Model 0.71050 0.00010 283 69 0.70911 0.00009 605 43 2.10 0.25 
 
Table 3. Results for inverse mixing model of degassed Stepladder pluton apatite and the dissolved and leached Nb tube.
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Chapter 3. Apatite and whole-rock isotopic characterization as 
provenance fingerprints of the Stepladder pluton and its sediments 
Abstract 
Provenance analysis of detrital minerals is a critical tool for reconstructing the transport 
pathways of sediments on the Earth’s surface and determining parent rock assemblages. 
Numerous methods have been used in these reconstructions including whole-rock major and 
trace element compositions and geochronology of specific minerals phases; geochronology based 
upon U-Pb zircon ages is the most commonly used approach. It has been shown however that 
solely utilizing U-Pb ages can lead to erroneous interpretations, particularly with respect to 
parent rock assemblages and paleogeographic reconstructions.  For this reason, we set out to test 
if whole-rock 87Sr/86Sr ratios and apatite isotopic characterizations to provide a robust indicator 
of sediment source using samples from the Stepladder pluton in the Mojave Desert, SE 
California.  The pluton is currently exposed in a series of inselbergs, representing point sources, 
which have experienced low chemical alteration.  The 87Sr/86Sr initial ratios for the Stepladder 
Pluton range from 0.71017-0.71070, whereas sediments collected downslope from the pluton 
have initial ratios ranging from 0.71039 to 0.71196. The 87Sr/86Sr initial ratios are positively 
correlated with decreasing grain size, likely driven by the altered biotite concentrated by sorting 
during transport.  Apatite grains within the bedrock and sediments samples yield similar 87Sr/86Sr 
ratios, suggesting apatite may better indicate bedrock source than 87Sr/86Sr whole rock 
geochemistry ratios or zircon geochronology. This is further supported by consistent apatite 
(U/Th)/He ages between the bedrock (~22.9 Ma) and >80% of measured detrital apatite grains, 
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representing their rapid cooling associated with Tertiary extension. These results suggest that 
detrital apatite isotopic signatures are a potentially more robust fingerprint for provenance 
analysis in this setting than the more standard methodologies.    
1. Introduction 
More than two-thirds of the Earth’s surface is covered by sediments, which represent a 
window from which to evaluate Earth’s history.  However, estimates suggest that over 80% of 
this detrital material is derived from the recycling of preexisting sedimentary rocks (e.g. Blatt 
and Jones, 1975; Johnsson, 1993).  The purpose of provenance analysis is to establish the parent-
rock assemblages (Schoenborn et al., 2012), sediment dispersal paths (Sircombe, 1999; Thomas, 
2011), and  environmental conditions in which the sediments were formed (e.g. Suttner et al., 
1981).  Such data yield critical information regarding tectonic evolution and paleogeographic 
reconstructions (McLennan and Taylor, 1991; McLennan et al., 1993; Malusà et al., 2016).  The 
composition of siliciclastic sediment greatly depends on the original composition of source and 
the climatic conditions at the time of formation (Suttner et al., 1981).  However, the evolution of 
the detritus is such that its geochemical compositions and mineral assemblages commonly do not 
directly resemble the detrital sources.  Processes including physical breakdown, chemical 
weathering, sorting during transport, authigenic growth, lithification, and burial diagenesis (Folk, 
1974; Nesbitt et al., 1996; Pe-Piper et al., 2008; Driscoll, 2016) alter the character of the detritus 
from the original source. 
Determining the age of accessory minerals to determine the provenance of sediments and 
sedimentary rocks represents a widely used technique at present.  Many studies (Hurford et al., 
1984; Sircombe, 1999; Moecher and Samson, 2006; Gehrels et al., 2011; Thomas, 2011; Hietpas 
93 
 
 
 
et al., 2011b; Schoenborn et al., 2012; Lang et al., 2013; Zhang et al., 2016) have used zircon U-
Pb ages alone to evaluate tectonic evolution as well as sediment dispersal paths, despite the 
evidence of complications (Miller et al., 1992; Hietpas et al., 2011a) when interpreting sediment 
sources on the basis of the geochronology of a single suit of minerals (e.g. detrital zircon U-Pb 
ages).  For example, Hietpas et al. (2011b) showed that close-by alluvial samples of the French 
Broad River, North Carolina, had noticeable changes in the proportion of zircon ages such that 
one could conclude the samples had varying sources, although no new source rock was added 
into the river system at that point.  Moreover, Hietpas et al. (2011a) showed that when using only 
detrital zircon U-Pb geochronology, some major tectonic events are not represented within the 
zircon age distributions while others are overly recorded.  Whereas monazite age distributions 
recorded different tectonic events, thus depending on the used mineral, interpretations of 
sediment sources or orogenic evolutions can be significantly different. On the other hand, 
Wissink and Hoke (2016), have shown that in the large drainage systems of the Yangtze river in 
China, detrital zircon U-Pb age distributions were established in the upper reaches and showed 
very little variation over more than 2000 km downstream, despite the addition of new drainage 
systems in the lower reaches.  
In order to test the utility of U-Pb geochronology in a simple case scenario, Bonich et al. 
(in press) studied igneous and detrital zircon U-Pb age distributions in the drainage of the 
Stepladder pluton, Eastern Mojave Desert, California. They analyzed zircon ages from the same 
samples for which Modi (2011) reported whole-rock geochemical analyses.  Modi (2011) 
concluded that the variations from bedrock to sediment are due to sorting and concentration of 
biotite and accessory minerals. Yet Modi (2011) also noted that on the basis of major-element 
geochemistry, the variations could be equally explained by ~10% mixing with a mafic rock., 
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although no such sources occur in the watershed from where the sediments derive. In contrast, 
Bonich et al. (in press) concluded that the differences in detrital zircon age distributions 
compared to bedrock cannot be explained by sorting or mixing with mafic sources, despite 
recording similar age peaks.  Instead potentially aeolian transported zircon grains was the most 
plausible explanation, given the arid environment of the Stepladder pluton and the surrounding 
geologic characteristics.  
In this study of samples analyzed previously by Modi (2011) and by Bonich et al. (in 
press), we present whole-rock and apatite Sr isotopic geochemistry and apatite (U-Th)/He ages.  
We used the Rb-Sr isotopic composition of the igneous and detrital samples to determine if the 
increase in iron and magnesium in the finer sediment samples (Modi, 2011) is due to hydraulic 
sorting and concentration of biotite and other iron-rich minerals derived from the Stepladder 
pluton, or from mixing with a mafic source.  Moreover, apatite 87Sr/86Sr ratios provide 
information about the composition of parent magmas, or about metamorphic events the rock 
suffered since crystallization, and such ratios can be used as a fingerprint for sediment source. In 
addition, apatite (U-Th)/He ages (AHe) supply information about the cooling and exhumation 
history of the rocks from which they came.  These particular sets of analytical methods can 
provide information related to provenance, and potentially provide a more robust interpretation 
than major element whole-rock geochemistry and zircon U-Pb geochronology.  Accordingly, 
results of this study demonstrate the potential for use of apatite as a fingerprint for provenance 
analysis. 
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2. Regional Geology 
The Stepladder Pluton, located in the Mojave Desert, SE California, is a coarse-grained, 
biotite granodiorite of Cretaceous age (Modi, 2011).  The Proterozoic basement of the Mojave 
province (Anderson and Bender, 1989; Wooden and Miller, 1990; Anderson et al., 1993; Barth et 
al., 2000) or Mojavia (Bennett and DePaolo, 1987), is dominated by higher grade amphibolite to 
lower grade granulite supracrustal gneisses.  These constitute metasedimentary layered gneisses, 
with some of the oldest zircon ages, 2.0 to 2.3 Ga, of southwestern North America (Anderson et 
al., 1993).  During the Ivanpah Orogeny (1.71 - 1.64 Ga), numerous foliated granitic plutons 
intruded the layered gneiss.  The known Sr isotopic composition of the 1.7 Ga suite is limited, 
though the initial Sr ratio for the gneisses of Old Woman and Piute Mountains is 0.703 ± 2 
(Anderson et al., 1993, and references therein; Fig. 1).  During the Mesoproterozoic (~1.4 Ga), 
widespread A-type potassium-rich granites were emplaced.  These granites comprise the 
southernmost portion of the transcontinental magmatic belt that extends across North America 
(Anderson and Bender, 1989; Goodge and Vervoort, 2006).  The initial Sr ratio for the 1.4 Ga-
granitoids of SE California (Whipple Mountains) is 0.704 ± 1, and of W Arizona (Hualapai 
Granite) is 0.703 ± 2 (Anderson et al., 1993).  The final Precambrian intrusions of the Mojave 
Desert are 1.1 Ga diabase sills (Howard, 1991).   
In the Late Neoproterozoic through Paleozoic, the region underwent an episode of 
tectonic quiescence after the breakup of Rodinia (Fedo and Cooper, 2001).  Proterozoic 
basement is overlain unconformably by a kilometer-thick siliciclastic and carbonate succession, 
considered to be of transitional off-craton  to craton in origen (Dickinson, 1989; Fletcher and 
Karlstrom, 1990; Fedo and Cooper, 2001).  Throughout the Cretaceous and Paleogene (Laramide 
Orogeny) the Mojave desert region underwent high-grade (amphibolite facies) metamorphism 
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and deformation, and experienced abundant plutonism (Fletcher and Karlstrom, 1990; Miller and 
Wooden, 1994; Bird, 1998).  The initial Sr ratios for the Jurassic and Cretaceous intrusive rocks 
in the Old Woman Mountains range from 0.7163 and 0.7109, respectively (Miller and Wooden, 
1994).  
Miocene extension drove rapid uplift and exhumation of the middle and upper crust in the 
Colorado River extensional corridor (Howard and John, 1987), including that of the Stepladder 
Mountains.  Detachment faulting and block tilting allowed for fast cooling, such that the eastern 
Mojave Desert was below 100°C by the Miocene (Foster et al., 1990).  Concomitant with 
extension, mafic and felsic dikes were emplaced, and volcanic fields, developed, which were 
mainly of dacite to andesite composition (22-14 Ma, Foster et al., 1990; Miller and Miller, 1991).  
The initial Sr ratios were above 0.7065, and most commonly between 0.708 and 0.709 (Miller et 
al., 2000). The Stepladder Mountains felsic volcanic rocks have a Sr initial ratio of 0.708 (Miller 
et al., 2000).   
Since the last glacial maximum, the Mojave region transitioned from much wetter 
conditions (Wells et al., 2003) to the modern dry conditions, and now recieve only ~12 cm of 
rain per year (Stoffer, 2004).  Nichols et al. (2002; 2006) estimated current erosion rates in the 
Mojave Desert of an average of 35 m/Ma, with slightly greater rates in the highlands and 
decreasing with lower topography.  Despite sparse vegetation, limited precipitation results in low 
sediment transport velocities on the piedmonts (e.g. decimeters per year; Nichols et al., 2005).  
Cosmogenic nuclide activity indicates a sediment active layer of approximately 20 cm, with a 
sharp change in activity below (Nichols et al., 2002), indicating an unhomogenized sediment 
column with deeper layers not actively feeding the uppermost sediments.  
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Inselbergs of the Stepladder pluton rise from the local topography as a set of NNE-
trending ridges, and are local topographic highs; it is, therefore, a point source for derived 
sediments that collect along its slopes. The physical weathering of the pluton currently produces 
detritus ranging in grain-size from boulder to silt and clay.  The Cretaceous granodiorite (74.7 ± 
3.7 (2σ) Ma; Bonich et al., in press) contains minor leucocratic dikes and xenoliths and multiple 
sets of fractures.  In the upper reaches of watershed that drain the pluton, alluvial channels incise 
to several meters: this is where most sediment transport of pluton debris occurs, at velocities of 
meters per year (based upon estimates of Nichols et al. (2005).   
 
3. Sample Preparation 
Samples from the Stepladder pluton and its derived sediments were previously analyzed 
for whole-rock analyses by Modi (2011).  From that sample collection, 16 samples were further 
processed and analyzed for this study.  An additional sample, a xenolith collected during a field 
season in 2013, was analyzed for this study as well.  Xenolith sample was collected from 
exposures in a different watershed approximately 500 meters away from the one in which the 
Modi (2011) samples were collected (Fig. 2).  Samples utilized for this study include: four 
bedrock, two regolith, and one xenolith sample within the Stepladder pluton, and twelve 
sediment samples collected from active channels, all less than 7 km away from the Stepladder 
pluton inselbergs (Fig. 2). The sediments were classified on the basis of grain-size as follows 
(number of samples of each is between parenthesis): grus (1), gravel (2), very coarse sand (1), 
coarse sand (2), medium sand (2), fine sand (2), and very fine sand (2).  
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Nineteen samples were analyzed for Sr whole-rock isotopic composition, while twelve of 
these samples were processed for separation of apatite.  Igneous samples were crushed with a 
jaw crusher and disc mill and for whole-rock analyses, rock fragments were powdered in an 
alumina ceramic shatterbox.  Sediment samples for whole-rock analysis were coned-and-
quartered for homogenization prior to powdering.  Apatite grain separation is briefly described 
below.   
 
3.1 Apatite separation 
Apatite grains were analyzed from 13 samples. The samples were from (number of 
samples in parentheses): Stepladder pluton (4), regolith (2), xenolith (1), grus (1), gravel (1), 
very coarse sand (1), coarse sand (1), and fine sand (2).  All samples were sieved into fractions 
>500 µm, 500-250 µm, and 250-50 µm.  All clasts >500 µm were lithic fragments, and thus 
yielded no individual apatite grains. Apatite grains were separated from the 500- 250 µm and 
250-50 µm fractions using standard magnetic and density separation techniques (described 
further in Bonich et al., in press).  Apatite grains were handpicked, and the selection of specific 
grains was governed by the different requirements of each analytical method, as described in 
further detail below in sections 4.2 and 4.6.  
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4. Analytical Methods 
4.1 Whole-rock Sr Isotopes 
Aliquots of 25 g were separated for geochemical analysis from each sample.  The whole-rock 
dissolution protocol below, modified from Samson et al. (1995), was used for all whole-rock 
analyses.  Approximately 0.3 g of powder per sample was partially dissolved in a Savillex® 
Teflon beaker with 1 mL of 90% HNO3 and 9 mL 29 molar (M) HF by setting the capped beaker 
on a hotplate at 100°C for 24 hours.  Samples were then uncapped and taken to dryness.  This 
procedure dissolves most major minerals as well as reduces Si content as SiF is liberated.  
Samples were brought back into solution in 4.8 mL of 29 M HF and 0.2 mL of 90% HNO3 in a 
Teflon bomb. The bombs were put in stainless steel vessels and placed in the oven at 165°C for 
seven days.  After this stage, samples were transferred to a Savillex® Teflon beaker and dried 
down once again.  Subsequently, the samples were combined with 3 mL of concentrated H3BO3 
and 6 mL of 6 M HCl, and placed on the hotplate 100°C for 24 hours.  After drying the samples, 
they were dissolved in 6 M HCl, capped, and set in the oven overnight at 165°C, dried down, and 
dissolved once more in 3 mL of 2.5 M HCl.  The solutions of sample and 2.5M HCL were 
centrifuged for 5 minutes at 2000 rpm.   
The centrifuged solutions were loaded into quartz columns containing BioRad AG50W-
X12 cation exchange resin.  Prior to loading, the resin was preconditioned with 2 mL of 2.5 M 
HCl.  A total of 74 mL of 2.5 M HCl was passed through the column, and Sr was collected in the 
next 21 mL of 2.5 M HCl.  The collected solution was then dried down and ready for Sr isotopic 
analysis. 
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4.2 Apatite Sr Isotopes 
For apatite Sr isotopic analysis, a variety of grains were selected, ranging from euhedral 
to fragments, 50 to 500 µm long, and included grains with surface marks, fluid, or mineral 
inclusions (except Rb-rich minerals like biotite).  Apatite grains were dissolved by placing the 
grains in 100 µL of 80% HNO3 in a beaker and placing it on a hotplate at 100°C for 2 hours. 
Strontium preconcentration was achieved using 50-100 µm size-particle Sr-specific resin (Sr-
specific® Eichrom Technologies Inc.), following procedures similar to those of Charlier et al. 
(2006) and also chapter 2 (of this manuscript). The stems of Teflon micro-columns were filled 
with Sr-Specific resin (~100 µL of resin), and two full reservoirs (~2 mL each) of ultra-purified 
water (18 MΩ) were passed through the resin to clean it. The resin was preconditioned by adding 
0.5 mL of 3.5 M HNO3, and the samples were then loaded into the column followed by 2.2 mL 
of 3.5 M HNO3 (3 aliquots of 0.03 mL followed by 6 aliquots of 0.35 mL) washes.  Strontium 
was collected in subsequent washes of ultra-purified water (3 washes of 0.5 mL).  The entire 
procedure was repeated using a fresh batch of resin in order reduce the amount of Ca in the Sr 
split, as Ca inhibits Sr ionization.  
Initial tests were conducted by analyzing multiple grains (N= 10-20) of apatite per 
sample.  Multi-grain analyses were done: 1) to compare bulk apatite composition from bedrock 
and the sediment samples, and identify variations in provenance (i.e. samples containing apatite 
grains with different isotopic ratios) on the basis of an increase of the bulk average 87Sr/86Sr; and 
2) to dissolve enough sample to allow for one aliquot to be used to measure the Sr isotopic 
composition and another one to measure the Rb and Sr concentrations. 
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4.3 Thermal Ionization Mass Spectrometry - Sr Isotopes 
Strontium analyses were performed using two thermal ionization mass spectrometers 
(IsotopX Phoenix® HTC-029 and HTC-053).  Masses 84, 85, 86, 87 and 88 were measured and 
the contribution of 87Rb to mass 87 was monitored using mass 85 and applying an 87Rb/85Rb 
ratio of 0.385041 (Charlier et al., 2006).  Ratios were normalized and corrected for mass 
fractionation using an exponential correction based on 86Sr /88Sr = 0.1194 (Thirlwall, 1991).  
Standard reference materials and samples were loaded on degassed Re filaments.  The Sr 
standard used was NBS 987, with an accepted 87Sr/86Sr of 0.710248± 0.000023 (1σ) (Thirlwall, 
1991).  The mean 87Sr /86Sr NBS 987 determined using the Phoenix HTC-029 at the time when 
the whole-rock samples were collected was 0.710242 ± 0.000011 (1σ).  Both 87Sr/86Sr of NBS 
987 and whole-rock samples when run dynamically and statically were within error, so no 
distinction on running mode was necessary for these samples.  The 87Sr/86Sr of NBS 987 for 
Phoenix HTC-053 varies slightly when the instrument data collection was in static versus 
dynamic mode; this yielded values of 0.710281 ±0.000006 (1σ) and 0.710246 ±0.000003 (1σ), 
respectively.  A correction was applied to the samples that were collected in static mode (i.e. 
measured ratios were reduced by 0.00004).  
4.4 Calculation of initial 87Sr/86Sr value 
The Sr isotopic composition of rocks, sediments and minerals will vary proportionally 
with Rb/Sr ratio and time since crystallization.  Thus, it is necessary to utilize the calculated 
initial 87Sr/86Sr values as a fingerprint of source rock.  Because apatite incorporates minimal Rb 
into its crystal structure at the time of crystallization, the 87Sr/86Sr is almost invariant through 
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time if it remains a closed system.  The initial 87Sr/86Sr values were calculated for both whole-
rock and apatite samples using equation 1: 
 
 
where, lambda (λ), the decay constant, is 1.42 x 10 -11 y -1 (Steiger and Jäger, 1978) and t is the 
time since crystallization.  The 87Rb/86Sr ratio is calculated from elemental Rb/Sr ratio of the 
sample using the measured Sr isotopic composition of the sample and the 87Rb/85Rb ratio of 
0.385041 (Charlier et al., 2006). 
4.6 U-Th/(He) methods 
Apatite grains selected for (U-Th)/He age analysis when possible were inclusion free 
(12X optical zoom), with minimal fractures, and were euhedral. The apatite grains were 
photographed, and each axis was measured using a calibrated software for alpha ejection (FT) 
corrections.  Calculation of volume and FT corrections of the apatite grains was based on the 
hexagonal prism equation of Ketcham et al. (2011).  The minimum FT correction accepted was 
0.60, below which grains were rejected. Once measured, grains were packed in Nb tubes. Helium 
was measured as it was degassed from each grain during two, 5-minute, steps of heating by laser 
in a quadrupole mass spectrometer (ASI Alphachron® instrument).  Apatite grains were then 
dissolved in 100 µL of a 235U - 230Th - 145Nd tracer solution in a HNO3 - base and placed on a 
hotplate at 100°C for two hours.  Uranium, Th, and Sm were measured by isotope dilution using 
an Element 2 ICP-MS at the University of Colorado at Boulder.  By measuring the 
concentrations of the radiogenic isotopes and the daughter product (He) the apparent ages are 
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calculated.  These ages represent the age at which the apatite passed through the closure 
temperature (~60-70 °C), above which He diffuses from the grain relatively rapidly.  Radiation 
damage and annealing were computed using the model of Flowers et al. (2009).  A more detailed 
description can be found in the second chapter of this thesis and also in Zeitler et al. (1987) and 
Farley and Stockli (2002).   
5. Results 
5.1. Whole-rock Sr  
Whole-rock Sr isotopic compositions are given in table 1.  The Rb/Sr ratios used to 
calculate 87Sr/86Sr initial ratios were taken from Modi (2011) with bedrock values ranging from 
0.217 to 0.124, sediment values from 0.56 to 0.299 (table 1), and a value of 1.268 for the 
xenolith.  The Stepladder pluton whole-rock bedrock samples yielded initial 87Sr/86Sr ratios 
ranging from 0.71018 to 0.71069; regolith samples yielded similar values.  Whole-rock sediment 
samples range from 0.71039 to 0.71196 (Fig. 3). Three of them yielded similar initial Sr isotopic 
compositions to the bedrock, while the remaining nine detrital sediment samples yielded more 
radiogenic values.  The xenolith sample yielded average calculated initial Sr isotopic ratios of 
0.70254 ± 3 (2σ) and average measured ratio of 0.77670 ± 2 (2σ), considerably higher than any 
measured Sr ratios from the bedrock or detrital samples (0.71127 and 0.71221, respectively).   
Given the difference in the calculated initial 87Sr/86Sr of the Stepladder pluton, a precise 
Rb-Sr isochron was not feasible.  Such variation in 87Sr/86Sr ratios is possible due to 
heterogeneities within the pluton (i.e. different magmatic pulses).  However, most detrital 
samples are collected downstream (Fig. 2) of the two most radiogenic whole-rock bedrock 
samples (CF 96 08 and CF 96 04), and of those detrital samples with similar Sr isotopic 
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compositions the bedrock, they are similar to the previous two samples (Fig. 3) or even more 
radiogenic.   
5.2 Multiple and Single Apatite Sr data 
All apatite Sr isotopic compositions are given in Table 1.  Apatite calculated initial 
87Sr/86Sr ratios are indistinguishable from the measured 87Sr/86Sr ratios (Fig 4).  The measured Sr 
isotopic compositions of the multi-grain apatite samples were, in general, less radiogenic than 
the whole-rock calculated initial 87Sr/86Sr, with two exceptions (Fig. 5):  1) A regolith sample 
(CF 00 04), in which the whole-rock initial and apatite measured Sr isotopic compositions are 
similar (whole-rock initial 87Sr/86Sr = 0.71061 and apatite measured 87Sr/86Sr = 0.71068); and 2)  
A coarse sand (CF 96 34), in which the multi-grain apatite Sr analysis yielded the most 
radiogenic apatite value of all (87Sr/86Sr = 0.71129) and is greater than the calculated initial 
whole-rock of that sample (initial whole-rock 87Sr/86Sr = 0.71038).  The remaining multi-grain 
apatite samples yielded rations ranging from 0.70994 to 0.71068 (Fig. 5).  The multi-grain 
xenolith apatite sample yielded a Sr isotopic composition of 0.76828± 0.00003 and a calculated 
initial value of 0.76768, values much higher that the calculated initial whole-rock ratio 
(~0.70254).  
Single-grain 87Sr/86Sr analysis of apatite from the igneous samples match those of the 
multi-grain analyses for the same sample (Fig. 6 and Table 1).  To test the variation of the 
87Sr/86Sr values within igneous samples, CF 96 08, CF 96 04, and CF 00 18, we analyzed 13, 5 
and 4 grains, respectively, with various inclusions and sizes, running samples in both static and 
dynamic mode.  From the sample CF 96 08 three analysis were rejected, and one was rejected 
from sample CF 96 04 on the basis of low number of cycles obtained per sample (<60).  None 
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were rejected from sample CF 00 18.  The average 87Sr/86Sr of sample CF 96 08 was 0.71042 ± 
22 (2σ), while the multi-grain ratio was 0.710562 ± 6 (2SE; error of calculated mean ratios is 
reported as 2σ while error of a single analysis data point is described as 2 SE).  The average 
87Sr/86Sr from sample CF 96 04 single-grain analyses was 0.71044 ± 5 (2σ).  Lastly, CF 00 18 
average of the single-grain analyses was 0.70984 ± 22 (2σ) and the multi-grain analysis yielded 
an 87Sr/86Sr of 0.709936 ± 7 (2SE; Fig. 6, Tables 1 and 2).  
The largest difference in Sr isotopic composition between the single-grain (average of 
0.71037 ± 11 (2σ); Table 2) and multi-grain (0.711287 ± 4 (2SE)) apatite analyses occurs in 
sample CF 96 34.  In this case single-grain apatite analyses yielded similar composition to the 
other igneous and detrital apatite samples (~0.71037, Fig. 6 and Tables 1 and 2).  
5.3. Apatite (U-Th)/He  
One hundred and six apatite grains were analyzed for (U-Th)/He, twenty-two of which 
were igneous, and 83 detrital.  A total of 17 grains were rejected, 14 because the FT correction 
was below 0.60.  One bedrock grain was rejected because it yielded an age of 187.6 ± 35.8 my, 
which is much older than the crystallization age of the pluton.  A second igneous apatite was 
rejected because negligible amounts of U, Th, Sm and He were measured and no age could be 
calculated.  Finally, a detrital apatite with a negative age was rejected.   
Bedrock (N = 8), regolith (N = 6) and xenolith (N = 1) (U-Th)/He ages ranged from 32.0 
± 5.0 (2σ) to 15.4 ± 3.9 (2σ) Ma, with an average of 22.9 ± 5.2 Ma.  The igneous Stepladder 
pluton spread is larger than that from the commonly used Durango apatite standard (31.2 ± 4.7 
for U-Th)/He systematics), yet most ages largely overlap within error.  Detrital apatite (U-
Th)/He ages (N = 74) have an even wider spread, varying between 0.1 ± 4.5 and 71.3 ± 15.3 Ma 
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(Fig. 7).  There was only one grain that was younger (0.1 Ma) than the youngest igneous age 
within error.  The remaining detrital apatite ages that do not fall within error of the igneous 
apatite ages (~18%, N = 13) are all greater.   
6. Discussion 
6.1. Whole Rock – Apatite – Sr Analysis  
Multi-methodological approaches to provenance analysis greatly improve 
characterization of detrital samples and their sources.  Through the application of whole-rock and 
multi- and single- apatite analyses, we can demonstrate that the majority of the variability 
observed in the detrital samples is mainly due to hydraulic sorting and weathering.   
The initial 87Sr/86Sr ratios of the six igneous samples (bedrock and regolith, 0.71018-
0.71070, fig. 3) were similar to other Cretaceous plutons of eastern Mojave Desert.  For example, 
the Cretaceous (85-72 Ma) intrusive rocks of the Old Woman Mountains have initial 87Sr/86Sr 
ratios ranging from 0.7099 to 0.7163 (Miller and Wooden, 1994).  Although the Stepladder 
pluton igneous samples have a narrow spread of 87Sr/86Sr ratios, the variation is sufficient such 
that an age could not be determined using the Rb-Sr systematics.  Such variation could be 
explained by multiple pulses of intrusion with minor variations in the Rb-Sr isotopic 
composition, although there are no significant differences in the U-Pb zircon ages of those 
samples (Bonich et al., in press) as the age resolution within error is too low (< 1 my).   
Whole-rock detrital sedimentary samples yield 87Sr/86Sr ratios similar to, or greater than, 
those measured in bedrock samples, and thus, collectively do not produce an isochron.  This 
variation in the initial Sr isotopic compositions could be explained by any of the following 
107 
 
 
 
scenarios: a) the samples failed to behave as a closed system for the Rb-Sr isotopic system; b) 
there was a secondary source of sediments, either alluvial or aeolian; c) or variations were 
produced through sorting and concentrating specific altered mineral phases (e.g. biotite) derived 
from the Stepladder pluton during sediment transport and weathering.  We consider it unlikely 
that the detrital samples behave as a closed system with relation to the Rb-Sr system.  Although 
all samples analyzed in this study show low (<54; Modi, 2011) chemical index of alteration 
(Nesbitt and Young, 1982), physical and to a lesser degree, chemical weathering has affected the 
samples.  In some cases, minerals such as K-feldspar, plagioclase, and biotite show varying 
degrees of alteration (Modi 2011) that is consistent with an open system for those mineral phases 
and thus the sediment samples.  
On the basis of the whole-rock Sr isotopic compositions of all samples, an allochthonous 
source of sediments is possible.  However, if such a source was aeolian-derived, we would 
expect that all detrital samples collected within centimeters/meters of each other to have a similar 
increase in radiogenic Sr, as they should be somewhat uniformly deposited over such an area.  
Yet, there is no evidence for this.  For example, the grus (CF 96 01), gravel (CF 00 10 and CF 00 
09), medium sand (CF 00 06), and fine sand (CF 00 03) samples located on the same sample site 
(Fig. 1 or 2) have large Sr isotopic variations (up to 0.001; Fig. 3), while increasing distance 
from the pluton (i.e. down the piedmont) does not correlate to variation of Sr isotopic 
compositions (Fig. 8).  Alternatively, an alluvial source is disregarded on the basis of the 
geographic location of the inselbergs (highest point source) and the sediment sample locations. 
Modi (2011) concluded that the increase in Fe2O3 in the detrital samples could be related 
to hydraulic sorting and concentration of iron-rich minerals (e.g. biotite and magnetite).  Such a 
process is known to occur in most sedimentary environments, and the eastern Mojave Desert is 
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not an exception.  As observed on multiple occasions during field sample collection, heavy 
mineral placers in alluvial channels of the Stepladder pluton region are commonly developed.  
This process is consistent with the observation that 87Sr/86Sr ratios of the detrital samples are 
commonly greater than those of the bedrock samples, for biotite is a relatively Rb-rich mineral.  
Furthermore, concentration of biotite is consistent with the positive correlation between 87Sr/86Sr 
ratios and Fe2O3 (Fig. 9) and MgO content.  While concentration of magnetite would increase the 
iron content of detrital samples, it does not explain the changes in 87Sr/86Sr ratios, for is not a Rb-
rich mineral.  Since the detrital whole-rock samples behaved as open systems, it is not possible to 
determine if the differences in 87Sr/86Sr and Rb/Sr ratios are solely due to weathering or due to 
mixing of sedimentary sources.  However, if there was a significant mixing with Precambrian or 
Tertiary rocks, it would be reasonable to expect a greater scattering in the initial 87Sr/86Sr ratios.  
Therefore, whole-rock 87Sr/86Sr ratios cannot be utilized as definitive fingerprints for provenance 
analysis in this area. 
Due to the lack of changes in apatite 87Sr/86Sr measured and initial ratios (Fig. 5), apatite 
initial 87Sr/86Sr values will not be used any further in the discussion.  Multi-grain detrital apatite 
87Sr/86Sr ratios of most sediment samples were similar to those of the multi and single grain 
igneous apatite 87Sr/86Sr (Figures 5 and 6), suggesting that Sr isotopic composition of apatite can 
be utilized as a provenance fingerprint in this environment.  One exception to this was the 
analysis of a multi-grain apatite separate from a coarse sand sample (CF 96 34), in which it 
yielded a more radiogenic 87Sr/86Sr ratio (0.711287 ± 4) than either the whole-rock calculated 
initial ratio or any other measured apatite ratio (Fig 5).  This spike in radiogenic Sr is likely due 
to the incorporation of apatite from a secondary source, such as the xenolith or nearby sources, in 
the analyzed multi-grain sample. This hypothesis is supported by data from single-grain apatite 
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analyses from this sample, which yielded an average 87Sr/86Sr ratio of ~0.71037, more consistent 
with the whole-rock bedrock calculated initial ratios (0.71038, Tables 1 and 2).  
The calculated initial 87Sr/86Sr of a whole-rock sample of the xenolith (Sam-SL-13-13, 
1.4 Ga) was on average 0.70254 ± 3 (2σ) and is consistent with 87Sr/86Sr initial ratios, 0.704 ± 1 
and 0.703 ± 2, of other 1.4 Ga A-type plutons of the area (Anderson et al., 1993).  The multi-
grain apatite initial (calculated at 1.4 Ga) 87Sr/86Sr was 0.76768, which was only slightly lower 
than the 0.76828 apatite measured value (Table 1).  The discrepancy between the whole-rock and 
apatite calculated initial 87Sr/86Sr values (at 1.4 Ga) may result from the re-equilibration of the 
xenolith apatite during the incorporation into Cretaceous magma.  The xenolith 87Sr/86Sr 
calculated at 74.7 Ma is 0.77281.  Thus, exchange of Sr from Rb rich minerals with apatite 
would dramatically increase the 87Sr/86Sr of the apatite crystals.  However, on a whole-rock 
scale, the Rb-Sr systematics remained closed, thus the initial 87Sr/86Sr ratio (~0.703) remains 
unaltered.  
On the basis of the apatite 87Sr/86Sr ratios it is possible to distinguish apatite derived from 
the Stepladder pluton and apatite derived from a xenolith (and potentially from other sources).  
The isotopic ratios were different enough such that both in single grain and in multi grain 
analyses it was possible to determine mixtures of sources.  We conclude that the Sr isotopic 
composition of apatite, particularly single grain analysis, is a promising tool in provenance 
analysis. 
6.2. Low-Temperature Thermochronology.  
When using low-temperature thermochronologic ages sources maybe identified not just 
by their chemical compositions, but by their exhumation histories. This provides information on 
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both the source of sediment in the system and the tectonic history of the source terranes.  Carter 
et al. (2006) assumed that this region of the eastern Mojave Desert cooled rapidly through the He 
partial retention zone such that the AHe age was established below ~70 °C.  That assumption is 
in agreement with the rapid exhumation associated with faulting and block tilting and extension 
during the Miocene described by Foster et al. (1993; and references therein). 
The average (U-Th/He) age of all igneous apatite was 22.9 Ma (Fig. 7), an age consistent 
with the apatite fission track age of ~24 Ma (Foster et al. 1990).  Unlike apatite Sr ratios, (U-
Th)/He ages of the bedrock and the xenolith were quite similar, as the xenolith experienced the 
same cooling and exhumation history.  This could be particularly useful in provenance studies, 
because although the apatite grain from the xenolith and the bedrock have different Sr isotopic 
signatures, they would experience similar weathering and erosional histories.  If extraneous 
apatite grains in the sediments had been derived from different sources, they might well have 
different low temperature thermochronologic histories and thus different ages.  
The majority of the detrital apatite (U-Th)/He ages lie within measured uncertainties of 
the igneous samples, an expected result assuming the primary source of apatite grains is the 
Stepladder pluton.  However, approximately 18 % of the apatite grains yielded greater ages. 
Artificially old ages are possible in (U-Th)/He measurement, and can be related to the following 
circumstances: 1) Effective U concentration (eU) is often used as a proxy for radiation damage, 
which at higher levels increases He retentivity, effectively elevating the closure temperature of 
an apatite grain and thus yielding an older age (Shuster et al., 2006); 2) Adjustments to the Ft 
correction can also artificially raise the age as smaller grains produce smaller effective Ft 
corrections that lead to older corrected ages as well. However, we find no correlation between 
either of these relationships with measured older ages in our samples. The average Ft correction 
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for igneous apatite grains was 0.67 and 0.69 for detrital samples, indicating that the selected 
detrital apatite grains are not significantly smaller than the igneous grains.  Rounding of the 
grains may also affect the ages, though the degree of roundness does not change dramatically 
between igneous and detrital apatite. We do note, however, that several of the detrital apatite 
grains that yielded older U-Th/He ages have visible zircon inclusions.  Zircon inclusion is likely 
to increase the concentrations of radiogenic He, yet the grain is not dissolved and the parent 
isotopes do not account for the He excess. Roundness and inclusions do not appear to adequately 
explain all the observed older ages, yet they may explain most.   
We also explored geologic reasons that explain the remaining older ages as possibly 
derived from an allocthonous source of sediments, or from the Stepladder pluton itself, but just 
exhumed earlier because they were eroded from the overlaying material, stratigraphically higher 
in the rock column.  Bonich et al. (in press) presented U-Pb zircon ages of the Stepladder pluton 
and its derived sediments and shows a statistically significant difference between the U-Pb 
zircon age distribution of the bedrock and its supposedly derived sediments, caused by a 
significant increase in the number of zircon grains yielding ages other than Cretaceous.  The 
authors concluded that on the basis of the modern geology of the Stepladder pluton (a Cretaceous 
source), all alluvial sediments are locally derived, and any and all allochthonous sediments (non-
Cretaceous) could be wind derived.  It is possible that some of the apatite grains with older (U-
Th)/He ages were derived from nearby bedrock which have been demonstrated to have apatite 
fission track ages between 100-14 Ma (Foster et al. 1993) and transported to our study area by 
wind.  Further evidence for windblown grains lies in the 0.1 Ma cooling age, which is likely a 
grain derived from regional volcanic rocks (Dohrenwend et al., 1986). However, only ~18% of 
the apatite He ages are older than that of the pluton. In comparison with the results of Bonich et 
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al. (in press), in which the pluton contained ~ 80 % of Cretaceous grains while the sediments 
contained only ~ 41 % Cretaceous grains from the Stepladder pluton, this is a significant 
improvement.  Assuming the older apatite grains derive from previously exhumed material of the 
Stepladder pluton, ages of up to 71.3 Ma would require several kilometers of eroded pluton.  
This is unlikely as the samples were collected in active modern river channels near the pluton, 
and assuming a geothermal gradient of 25 °C/km and erosion rates of 60 m/my, the a 40 my 
difference in AHe age would require up to 2 km of pluton to have been eroded and sediments to 
be temporarily stored within the steeper upper-reaches of the pluton, and yet represent the active 
modern detritus.   
Apatite (U/Th)/He ages seem to depict the modern setting of the Stepladder pluton better 
than the U-Pb zircon ages did.  However, solely on the basis of the thermochronologic ages it is 
not possible to determine if all grains yielding older ages were derived from different nearby 
sources, or if it was due to an increase in the zircon inclusions and rounding of the grains.  Yet, 
we think that multiple characterization of single apatite has greater potential than dual 
characterization of different grain as a fingerprint for provenance, as also shown by Zattin et al. 
(2012) and Carrapa et al. (2009).  Characterizing the Sr isotopic composition of apatite and 
obtaining the (U/Th)/He age in the same grain, would provide two independent isotopic 
signatures that can be used as fingerprints of source rocks.  
7. Conclusions  
This study was designed to test three different possible tools as indicators of sediment 
sources.  Multi-grain and single grain apatite 87Sr/86Sr ratios have proven to be the most robust 
fingerprint for provenance analysis tested in this study.  On the basis of the geographical location 
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of the detrital samples in relation to their source, the watershed, and the 87Sr/86Sr ratios, we 
conclude that most detrital apatite grains derive from the bedrock and regolith, as represented by 
samples CF 96 08, CF 96 04, CF 00 04 and CF 00 05 (0.70993-0.71068).  Analysis of multiple 
grains, determining an average Sr isotopic composition, and assessing the variability in these can 
be used as an indicator of sources of the detritus.  In the multi-grain detrital apatite samples 
analyzed, a single sample (coarse sand CF 96 34, 0.711287) in which the apatite 87Sr/86Sr ratio 
was significantly greater than the other detrital samples (0.71048-0.71068).  This sample, CF 96 
34, possibly contained a minor proportion of apatite grains from a source other than the 
Stepladder pluton, either from xenoliths within the pluton or wind derived from Precambrian 
basement.  This conclusion is supported by single-grain apatite analysis, which yielded 87Sr/86Sr 
ratios similar to those of the Stepladder pluton (0.71037).  Consequently, multi-grain apatite 
analysis can be as useful for provenance analysis as single-grain analysis.  Variation in the Sr 
isotopic composition of single-grain apatite from the same bedrock sample is negligible 
regardless of crystal characteristics such as color, size, shape, and fluid and zircon inclusions, 
unlike apatite (U/Th)/He ages.  Such invariant composition supports the case for apatite 87Sr/86Sr 
as a potential fingerprint of source rock.   
Two bedrock apatite analyzes (CF 00 18 and ST 09 02) yielded less radiogenic 87Sr/86Sr 
ratios than the other bedrock samples and all the detrital samples described above.  This isotopic 
variability in apatite 87Sr/86Sr and whole-rock initial ratios indicates that the Stepladder pluton is 
isotopically heterogeneous.  However, because geographic location of the samples CF 00 18 and 
ST 09 02 (collected farther north) lay outside of the watershed from where the detrital samples 
come, and the distinct isotopic composition, we conclude this portion of the Stepladder pluton is 
not present in the analyzed detrital samples.   
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Most sediment samples yielded more radiogenic Sr isotopic compositions (0.71039-
0.71196) than bedrock samples, suggesting a concentration of a phase containing more 
radiogenic Sr.  The strong correlation of initial 87Sr/86Sr with Fe2O3 is likely due to hydraulic 
sorting and concentration of biotite, as also suggested by Modi (2011).  Although detrital 
samples exhibit low chemical index of alteration (Modi, 2011), individual minerals phases (e.g. 
biotite) behaved as open system with respect to Rb-Sr systematics, and thus an isochron could 
not be determined.  If mixing with other nearby sources occurred, we would expect to see larger 
variability of the detrital initial 87Sr/86Sr ratios and of the 87Rb/86Sr ratios.  However, due to the 
Rb/Sr open source nature of the detritus, determining if mixing of sources occurred is not 
possible.  Yet, if mixing with the Precambrian basement occurred, as suggested by Bonich et al. 
(in press), it must be in a much smaller proportion than required to explain the dramatic changes 
in zircon U-Pb age distributions. 
On the basis of whole-rock calculated initial 87Sr/86Sr (~0.70254) and previously 
published 87Sr/86Sr ratios of 1.4 Ga A-type plutons in the region, the xenolith behaved as a close 
system relative to the Rb/Sr system.  Apatite from this xenolith sample has an elevated 87Sr/86Sr 
ratio (0.76828), suggesting that during incorporation of the enclave into the magma of the 
Stepladder pluton the apatite 87Sr/86Sr re-equilibrated with the rest of the xenolith, thus yielding a 
similar composition to present day value (~0.77670) and not to the calculated initial at 1.4 Ga.  
The significantly more radiogenic 87Sr/86Sr ratio of the apatite of the xenolith allowed for 
straightforward identification between xenolith and Stepladder pluton apatite.  
Igneous apatite (U-Th)/He ages from the Stepladder pluton, of 22.9 Ma, are in agreement 
with the Miocene extension of the Mojave Desert and surrounding areas.  The majority of the 
detrital apatite He ages are within error of the igneous ages and had similar thermochronologic 
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histories; thus we conclude that they were derived from the Stepladder pluton.  A single apatite 
grain that yielded a much too young age (0.11 Ma) could have been derived from nearby 
volcanic sources.  However, ~18% of the detrital apatite grains yielded He ages that are older 
than those of the pluton.  These grains with greater ages could be due to the increase of zircon 
inclusions in and roundness of the detrital grains or they could have been derived from nearby 
sources with different thermochronologic histories, or a mixture of both.  We consider that such 
mixing is the most likely scenario.  
Whether there is any windblown material deposited on the alluvial Stepladder pluton 
derived sediments (see Bonich et al., in press) has yet to be assessed.  This shows the complexity 
of provenance analysis, even in a geologic setting in which time, lithification, diagenesis, 
chemical weathering, and obvious source mixing have not dramatically changed the isotopic 
composition of the sediments.  Determining sediment sources in sedimentary rocks, which 
experienced diagenesis and additional burial and uplift poses significant challenges.  The double 
characterization of detrital apatite with 87Sr/86Sr ratios and (U-Th)/He ages could provide a 
robust fingerprint for identifying provenance areas.  The 87Sr/86Sr ratios of rocks and minerals 
provide information regarding the magma from which they were derived, or a 
metamorphic/thermal event they underwent.  Apatite (U-Th)/He ages supply information 
concerning the last cooling/exhumation event through the apatite partial retention zone (~70 °C).  
This dual isotopic signature would help determine if, for example, the older AHe ages seen in the 
detrital samples are due to inclusions and rounding, or are apatite grains transported by wind 
from nearby areas.  
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Figures 
 
Figure 1. Simplified geologic map of eastern Mojave Desert (modified from Jennings et 
al., 1977). St, Stepladder Mountains (pluton); OW, Old Woman Mountains; Pi, Piute Mountains, 
and Wp, Whipple Mountains. Numbers indicate initial 87Sr/86Sr ratios calculated at the time 
between brackets.  (Anderson et al., 1993; Miller and Wooden, 1994; Miller et al., 2000).  
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Figure 2. False color Landsat 8 OLI, path 039, row 036, date 09-20-2016 T 19:40:00 Z 
(Stepladder pluton and adjacent areas). Modified from Bonich et al. (in press) and following 
procedures from (Crippen, 1989).  Sample colors as described in Fig. 1.  Note the variation in 
color of the Cretaceous pluton (fuchsia) and Precambrian gneiss (green).   
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Figure 3. Whole-rock measured (circles) and calculated initial (triangles) 87Sr/86Sr ratios.  
Note that the sediments are more radiogenic that the bedrock samples, and that the increase is 
larger for the finer sediments. B1, bedrock CF 00 18; B2, bedrock ST 09 02; B3, bedrock CF 96 
04; B4, bedrock CF 96 08; R1, regolith CF 00 04; R2, regolith CF 00 05; Gr, grus CF 96 01; G1, 
gravel CF 00 10; G2, gravel CF 00 09; VC, very coarse sand CF 96 40; C1, Coarse sand CF 96 
12; C2, Coarse sand CF 96 34; M1, medium sand CF 00 06; M2, medium sand CF 00 17; F1, 
fine sand CF 00 03; F2, fine sand CF 00 14; VF1, very fine sand CF 96 10; VF2, very fine sand 
CF 96 21.  Error are 2 standard error. Error in initial values are minimum errors are propagation 
of error from determining 87Rb/86Sr ratios was not possible.  Note xenolith initial and measured 
values are not ploted (table 1) are both values would be out of scale. Bedrock CF 00 18 and ST 
09 02 are less radiogenic that other igneous samples, and their detritus are considered not to be 
mixed with the rest of the detrital samples.  The latter are considered to be derived from CF 96 
04 and CF 96 08 both on the basis of local and isotopic compositions.  
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Figure 4. Multigrain measured and calculated initial 87Sr/86Sr apatite ratios of Stepladder 
pluton and detrital samples. Calculated initial (gray bars) 87Sr/86Sr ratios very similar measured 
(diamonds) 87Sr/86Sr ratios, Error are 2 standard error, yet are smaller than the symbols.  B1, 
bedrock CF 00 18; B4, bedrock CF 96 08; R1, regolith CF 00 04; G2, gravel CF 00 09; VC, very 
coarse sand CF 96 40; C2, Coarse sand CF 96 34; F1 fine sand CF 96 10; F2 fine sand CF 96 21.  
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Figure 5. Samples with both whole-rock initial and measured, and multi-grain apatite 
measured 87Sr/86Sr ratios.  The whole-rock analyses of finer sediments, which have higher 
87Sr/86Sr ratios, have apatite 87Sr/86Sr ratios that were very similar to that of the bedrock and most 
other sediment samples.  Coarse sand (C2: CF 96 34) apatite Sr isotopic composition is the most 
radiogenic of all apatite samples, higher than the whole-rock calculated initial of that sample, and 
it is similar to the whole-rock measured.  B1, bedrock CF 00 18; B4, bedrock CF 96 08; R1, 
regolith CF 00 04; G2, gravel CF 00 09; VC, very coarse sand CF 96 40; C2, Coarse sand CF 96 
34; F1 fine sand CF 96 10; F2 fine sand CF 96 21.  Error are 2 standard error.   
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Figure 6.  Single and multi-grain apatite 87Sr/86Sr ratios.  Bedrock CF 00 18 was the 
sample collected farther north, and was the least radiogenic of all samples (whole-rock samples 
showed a similar isotopic signature).  Bedrock samples CF 96 04 and CF 96 08 and regolith CF 
00 05 showed similar variation in Sr isotopic ratios.  Multi-grain and single grain of very coarse 
sand CF 96 40 are alike, indicating that the multi-grain analysis contained apatite grains only 
derived from the Stepladder pluton.  Coarse sand CF 96 34 exhibited the greatest variation. The 
multi-grain sample (light blue diamond) is more radiogenic than all apatite analyzed samples, 
possibly due to the incorporation of apatite grains derived from the xenolith (or some other 
source).  Single grain analyses of this sample are all comparable to all other samples. 
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Figure 7. Igneous (green circles) and detrital (purple circles) apatite (U-Th)/He ages. All 
ages are alpha ejection corrected and error bars are 2sigma. Note increase in the scattering of the 
detrital ages, and most are of the data spreading occurs to older ages.  
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Figure 8. Initial 87Sr/86Sr ratios of igneous and detrital samples with relation to distance 
from inselberg, specifically bedrock sample CF 96 04. Note the lack of relation of isotopic 
composition and distance, with finer sediment samples in close proximity to the inselbergs.  Very 
coarse sand (CF 96 40) is not included in this figure. 
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Figure 9. Correlation between the iron oxide content and calculated initial 87Sr/86Sr, also 
related to the decrease in grain size.  This relation is possibly due to hydraulic concentration of 
altered biotite (and other Rb and Fe rich minerals) derived from the Stepladder pluton.  Outlier is 
a detrital sample (CF 00 06) that is highly enriched in heavy accessory minerals, such as zircon, 
apatite, and magnetite (linked to exceedingly high, Zr, Hf, P2O5, Ti, and Fe2O3 from Modi 
(2011)).   
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Table 1. 
Sample Type Description 87Sr/86Srm 2SE Rb/Sr 87Sr/86Sri 
CF 00 18 whole-rock Bedrock 0.710558 0.000003 0.124 0.71018 
CF 00 18 whole-rock Bedrock 0.710550 0.000004 0.124 0.71017 
Ap CF0018 multi-grain Bedrock 0.709936 0.000007 0.000 0.70994 
ST 09 02 whole-rock Bedrock 0.710683 0.000004 0.134 0.71027 
ST 09 02 whole-rock Bedrock 0.710651 0.000007 0.134 0.71024 
Ap ST 09 02 multi-grain Bedrock 0.710079 0.000004 
  CF 96 04 whole-rock Bedrock 0.710907 0.000009 0.129 0.71051 
CF 96 04 whole-rock Bedrock 0.710898 0.000024 0.129 0.71050 
CF 96 08 whole-rock Bedrock 0.711090 0.000003 0.127 0.71070 
CF 96 08 whole-rock Bedrock 0.711080 0.000011 0.127 0.71068 
Ap CF9608 multi-grain Bedrock 0.710562 0.000006 0.001 0.71056 
CF 00 04 whole-rock Regolith 0.711274 0.000004 0.217 0.71061 
Ap CF0004 multi-grain Regolith 0.710680 0.000007 0.002 0.71067 
CF 00 05 whole-rock Regolith 0.711270 0.000003 0.212 0.71062 
CF 96 01 whole-rock Grus 0.711879 0.000020 0.218 0.71121 
CF 00 10 whole-rock Gravel 0.711322 0.000005 0.241 0.71058 
CF 00 10 whole-rock Gravel 0.711286 0.000010 0.241 0.71055 
CF 00 09 whole-rock Gravel 0.711621 0.000112 0.162 0.71113 
Ap CF0009 multi-grain Gravel 0.710480 0.000007 0.004 0.71047 
Ap CF9640 multi-grain Very Coarse Sand 0.710518 0.000006 0.004 0.71051 
CF 96 12 whole-rock Coarse Sand 0.711092 0.000014 0.164 0.71059 
CF 96 34 whole-rock Coarse Sand 0.711303 0.000003 0.299 0.71039 
Ap CF9634 multi-grain Coarse Sand 0.711287 0.000004 0.003 0.71128 
CF 00 06 whole-rock Medium Sand 0.711068 0.000006 0.056 0.71090 
CF 00 06 whole-rock Medium Sand 0.711045 0.000006 0.056 0.71087 
CF 00 17 whole-rock Medium Sand 0.711176 0.000004 0.087 0.71091 
CF 00 03 whole-rock Fine Sand 0.712094 0.000019 0.169 0.71158 
Ap CF0003 multi-grain Fine Sand 0.710683 0.000006 0.003 0.71067 
CF 00 14 whole-rock Fine Sand 0.711842 0.000004 0.182 0.71128 
Ap CF0014 multi-grain Fine Sand 0.710561 0.000015 0.005 0.71055 
CF 96 10 whole-rock Very Fine Sand 0.712026 0.000004 0.214 0.71137 
CF 96 21 whole-rock Very Fine S 0.712205 0.000010 0.079 0.71196 
SAM-SL 13 13 whole-rock Xenolith 0.776716 0.000012 1.268 0.70255 
SAM-SL 13 13 whole-rock Xenolith 0.776692 0.000010 1.268 0.70253 
Ap SAM-SL 13 13 multi-grain Xenolith 0.768280 0.000005 0.010 0.76767 
 
Table 1. Whole-rock and multi-grain apatite measured and calculated initial 87Sr/86Sr ratios. 
Rb/Sr ratios are taken from Modi (2011). 
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Table 2. 
Sample Type Description 87Sr/86Srm 2SE 
CF 00 18 Ap 1 single Bedrock 0.70967 0.00004 
CF 00 18 Ap 2 single Bedrock 0.70986 0.00001 
CF 00 18 Ap 3 single Bedrock 0.70990 0.00001 
CF 00 18 Ap 4 single Bedrock 0.70991 0.00001 
CF 96 04 Ap1 single Bedrock 0.71041 0.00001 
CF 96 04 Ap1 single Bedrock 0.71045 0.00001 
CF 96 04 Ap2 single Bedrock 0.71048 0.00002 
CF 96 04 Ap3 single Bedrock 0.71049 0.00002 
CF 96 04 Ap5 single Bedrock 0.71038 0.00003 
CF 96 08 Ap 1 single Bedrock 0.71045 0.00002 
CF 96 08 Ap 2 single Bedrock 0.71042 0.00001 
CF 96 08 Ap 3 single Bedrock 0.71017 0.00003 
CF 96 08 Ap 4 single Bedrock 0.71033 0.00001 
CF 96 08 Ap 6 single Bedrock 0.71043 0.00004 
CF 96 08 Ap 8 single Bedrock 0.71046 0.00002 
CF 96 08 Ap 9 single Bedrock 0.71039 0.00002 
CF 96 08 Ap 10 single Bedrock 0.71046 0.00003 
CF 96 08 Ap single Bedrock 0.71059 0.00001 
CF 96 08 Ap inc single Bedrock 0.71046 0.00001 
CF 00 05 Ap single Regolith 0.71064 0.00001 
CF 96 40 Ap 1 single Very Coarse Sand 0.71061 0.00001 
CF 96 34 Ap single Coarse Sand 0.71039 0.00001 
CF 96 34 Ap single Coarse Sand 0.71041 0.00001 
CF 96 34 Ap 4 single Coarse Sand 0.71031 0.00014 
 
Table 2. Single-grain apatite 87Sr/86Sr ratios. 
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Appendix 1 
Figure A.1. Landsat Thematic Mapper image in false color 
 
Figure A1. Landsat 8 OLI, path 039, row 036, date 09-20-2016 T 19:40:00 Z.  Image 
processed with four band composite, 6/7, 6/5 and 4/2 in the red, blue, and green bands, 
respectively. Multiplied by the Panchromatic band after a succession of 501x501, 51x51 and 3x3 
high-pass filters.  Processing is similar to that suggested by Crippen (1989). The selected band 
ratios highlight different lithologies (Crippen, 1989; Beratan et al., 1990).  Red circles show 
sample locations of igneous samples and yellow circles indicate detrital samples.  From this 
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image it is clear that there is minimal mixing between sediment directly derived from the 
Cretaceous Stepladder pluton and other source rocks. The Tertiary volcanics and Precambrian 
basement show distinct colors and sediment paths. 
Table A1. Location of samples 
Sample Type Longitude Latitude 
CF 00 18 Bedrock 114.82805° 34.68181° 
ST 09 02 Bedrock 114.83020° 34.67583° 
CF 96 08 Bedrock 114.83947° 34.67090° 
CF 96 04 Bedrock 114.84139° 34.67058° 
CF 00 04 Regolith 114.84050° 34.67128° 
CF 00 05 Regolith 114.84050° 34.67128° 
CF 96 01 Grus 114.84050° 34.67128° 
CF 00 09 Gravel 114.84050° 34.67128° 
CF 00 10 Gravel 114.84050° 34.67128° 
CF 96 40 Very coarse Sand 114.78275° 34.63790° 
CF 96 12 Coarse Sand 114.83827° 34.67045° 
CF 96 34 Coarse Sand 114.80942° 34.65419° 
CF 00 17 Medium Sand 114.82882° 34.66799° 
CF 00 06 Medium Sand 114.84050° 34.67128° 
CF 00 03 Fine Sand 114.84050° 34.67128° 
CF 00 14 Fine Sand 114.83596° 34.66962° 
SAM SL 13 13  Xenolith 114.84086° 34.67875° 
Table A1.  Geographic coordinates of samples. 
Likeness and Kolmogorov-Smirnov Test Matrix 
Probability density functions (PDF) were calculated based on Hurford et al. (1984), while 
for the kernel density estimate (KDE) we used the Matlab script modified from on McPhillips 
and Brandon (2010).  In order to calculate Likeness values(Satkoski et al., 2013), both 
probability functions were normalized to unity.   
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Likeness values based on KDEs of the same 120 sample pairs are generally similar to those 
derived utilizing probability density plots (PDP).  All 15 (100%) bedrock-to-bedrock sample 
pairs have Likeness values greater than 61%, whereas only 3% (n = 2) of the bedrock to 
sediment pairs had Likeness values ≥ 61%.  However, there is a larger disparity between PDP 
and KDE Likeness when comparing sediment versus sediment.  The average Likeness value of 
sediment pairs drops from 71% (using PDP) to 60% alike (using KDE).  For KDE pairs, 
approximately 56% (n = 25) of the samples pairs are alike, and the remaining 44% have Likeness 
values lower than 58%.   
Finally, the Kolmogorov-Smirnov (K-S) test p-values were obtained by using the Excel 
Macro produced by Guynn and Gehrels (2010).  Bellow you can find the two matrix comparing 
the PDP Likeness - KDE Likeness values and PDP Likeness - K-S p values. 
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Table A2. Comparison of Likeness using PDP and KDE 
Sample # Type CF 00 18 ST 09 02 CF 96 08 CF 96 04 CF 00 04 CF 00 05 CF 96 01 CF 00 09 CF 00 10 CF 96 40 CF 96 12 CF 96 34 CF 00 17 CF 00 06 CF 00 03 CF 00 14 Sam SL 13 13
CF 00 18 Bedrock 0.81 0.65 0.66 0.86 0.72 0.50 0.48 0.40 0.35 0.26 0.15 0.41 0.40 0.42 0.49 0.00
ST 09 02 Bedrock 0.67 0.69 0.68 0.81 0.77 0.54 0.55 0.49 0.41 0.32 0.22 0.46 0.46 0.51 0.56 0.00
CF 96 08 Bedrock 0.73 0.78 0.69 0.65 0.72 0.55 0.54 0.49 0.38 0.30 0.20 0.45 0.48 0.51 0.55 0.02
CF 96 04 Bedrock 0.67 0.75 0.78 0.66 0.68 0.54 0.53 0.46 0.46 0.29 0.23 0.54 0.48 0.50 0.56 0.22
CF 00 04 Regolith 0.84 0.66 0.68 0.62 0.74 0.53 0.51 0.40 0.38 0.27 0.17 0.43 0.40 0.44 0.48 0.07
CF 00 05 Regolith 0.66 0.74 0.77 0.74 0.66 0.60 0.65 0.53 0.46 0.35 0.28 0.55 0.55 0.57 0.62 0.04
CF 96 01 Grus 0.51 0.55 0.57 0.51 0.56 0.65 0.71 0.65 0.54 0.36 0.49 0.71 0.69 0.73 0.74 0.17
CF 00 09 Gravel 0.48 0.60 0.59 0.58 0.50 0.69 0.74 0.65 0.52 0.40 0.45 0.66 0.68 0.73 0.75 0.10
CF 00 10 Gravel 0.36 0.49 0.50 0.51 0.36 0.57 0.65 0.74 0.64 0.43 0.62 0.71 0.73 0.81 0.71 0.19
CF 96 40 VC Sand 0.36 0.47 0.49 0.49 0.40 0.57 0.68 0.68 0.65 0.40 0.53 0.61 0.56 0.62 0.57 0.35
CF 96 12 C. Sand 0.43 0.56 0.56 0.54 0.44 0.62 0.71 0.78 0.70 0.68 0.34 0.40 0.45 0.44 0.40 0.07
CF 96 34 C. Sand 0.17 0.28 0.30 0.30 0.20 0.37 0.56 0.57 0.64 0.63 0.58 0.57 0.53 0.58 0.53 0.39
CF 00 17 M. Sand 0.40 0.50 0.48 0.48 0.42 0.56 0.77 0.74 0.74 0.71 0.69 0.69 0.72 0.80 0.76 0.27
CF 00 06 M. Sand 0.36 0.49 0.52 0.51 0.38 0.59 0.69 0.74 0.79 0.69 0.75 0.64 0.71 0.80 0.71 0.14
CF 00 03 F. Sand 0.36 0.52 0.53 0.49 0.39 0.57 0.71 0.77 0.80 0.67 0.73 0.65 0.76 0.81 0.75 0.15
CF 00 14 F. Sand 0.41 0.52 0.52 0.52 0.41 0.60 0.72 0.77 0.78 0.72 0.73 0.68 0.84 0.74 0.75 0.21
Sam SL 13 13 Xenolith 0.00 0.01 0.03 0.04 0.08 0.07 0.23 0.13 0.15 0.37 0.16 0.37 0.28 0.15 0.16 0.27
Li
ke
n
es
s 
P
D
F
Likeness KDE
 
Table A2.  This matrix shows the 136 sample pairs of Likeness based on probability density plot (PDP) and kernel density 
estimator (KDE).  Highlighted colors (blue or green) represent Likeness values higher than 61%. Grey diagonal is the comparison of 
the same sample.  Note the difference between Likeness based on PDP and Likeness based on KDE in the comparison of sediment to 
sediment, and how the number of non-alike sample pairs increases from 3 to 20.  Abbreviations: VC Sand, very coarse sand; C. Sand, 
coarse sand; M. Sand, medium sand, F. Sand, fine sand.  
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Table A3. Comparison of PDP Likeness and KS test 
Sample # Type CF 00 18 ST 09 02 CF 96 08 CF 96 04 CF 00 04 CF 00 05 CF 96 01 CF 00 09 CF 00 10 CF 96 40 CF 96 12 CF 96 34 CF 00 17 CF 00 06 CF 00 03 CF 00 14 Sam SL 13 13
CF 00 18 Bedrock 0.770 0.421 0.665 1.000 0.334 0.006 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
ST 09 02 Bedrock 0.67 0.999 1.000 0.938 1.000 0.258 0.090 0.004 0.006 0.056 0.000 0.005 0.019 0.004 0.008 0.000
CF 96 08 Bedrock 0.73 0.78 0.998 0.507 1.000 0.665 0.230 0.028 0.022 0.158 0.000 0.030 0.101 0.031 0.054 0.000
CF 96 04 Bedrock 0.67 0.75 0.78 0.867 0.996 0.254 0.079 0.003 0.003 0.048 0.000 0.003 0.016 0.003 0.006 0.000
CF 00 04 Regolith 0.84 0.66 0.68 0.62 0.645 0.043 0.004 0.000 0.000 0.002 0.000 0.000 0.002 0.000 0.001 0.000
CF 00 05 Regolith 0.66 0.74 0.77 0.74 0.66 0.636 0.209 0.020 0.014 0.137 0.000 0.021 0.090 0.022 0.045 0.000
CF 96 01 Grus 0.51 0.55 0.57 0.51 0.56 0.65 0.813 0.244 0.471 0.996 0.007 0.255 0.851 0.294 0.674 0.001
CF 00 09 Gravel 0.48 0.60 0.59 0.58 0.50 0.69 0.74 0.735 0.460 0.993 0.010 0.761 0.961 0.763 0.831 0.001
CF 00 10 Gravel 0.36 0.49 0.50 0.51 0.36 0.57 0.65 0.74 0.075 0.443 0.327 1.000 0.576 1.000 0.893 0.008
CF 96 40 VC Sand 0.36 0.47 0.49 0.49 0.40 0.57 0.68 0.68 0.65 0.767 0.118 0.077 0.999 0.097 0.697 0.007
CF 96 12 C. Sand 0.43 0.56 0.56 0.54 0.44 0.62 0.71 0.78 0.70 0.68 0.018 0.465 0.961 0.505 0.553 0.000
CF 96 34 C. Sand 0.17 0.28 0.30 0.30 0.20 0.37 0.56 0.57 0.64 0.63 0.58 0.223 0.297 0.248 0.289 0.093
CF 00 17 M. Sand 0.40 0.50 0.48 0.48 0.42 0.56 0.77 0.74 0.74 0.71 0.69 0.69 0.589 1.000 0.922 0.008
CF 00 06 M. Sand 0.36 0.49 0.52 0.51 0.38 0.59 0.69 0.74 0.79 0.69 0.75 0.64 0.71 0.619 1.000 0.017
CF 00 03 F. Sand 0.36 0.52 0.53 0.49 0.39 0.57 0.71 0.77 0.80 0.67 0.73 0.65 0.76 0.81 0.936 0.010
CF 00 14 F. Sand 0.41 0.52 0.52 0.52 0.41 0.60 0.72 0.77 0.78 0.72 0.73 0.68 0.84 0.74 0.75 0.033
Sam SL 13 13 Xenolith 0.00 0.01 0.03 0.04 0.08 0.07 0.23 0.13 0.15 0.37 0.16 0.37 0.28 0.15 0.16 0.27
KS Test
Li
ke
n
es
s 
P
D
F
 
Table A3.  This matrix shows the 136 sample pairs of Likeness based on probability density plot (PDP) and K-S test. 
Highlighted numbers represent sample pairs that fail to reject the null hypothesis.  There is a remarkable similarity between these two 
analyses.  Note that sample pair of the coarse sand CF 96 34 and the xenolith (Sam SL 13 13) is the only sample-xenolith pair that 
fails to reject the null hypothesis.  This is likely explained because of the high percentage of Mesoproterozoic grains in this sand. 
Abbreviations: VC Sand, very coarse sand; C. Sand, coarse sand; M. Sand, medium sand, F. Sand, fine sand. 
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Figure A2. Uranium and Uranium/Thorium zircon composition 
 
Figure A2. A: Uranium concentration of zircon versus age.  Mezger and Krogstad (1997) 
note that metamorphic zircon typically has U concentration of ≤ 100 ppm whereas igneous 
zircon has U concentration ≥ 100 ppm. However, there are a few igneous (Cretaceous) zircons 
with ≤ 100 ppm, and this distinction may not be useful.  There is no systematic difference in U 
concentration between magmatic and xenocrystsic zircon from bedrock samples.  B: 
Thorium/Uranium ratios of the zircon grains relative to their ages. There are no grains with Th/U 
ratios of 0.01 or lower, a potential indicator of metamorphic grains according to Hoskin and 
Schaltegger (2003). 
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Table A4. U-Pb Crystallization Ages (Bedrock Sample – CF 00 18) 
     Isotope ratios    Apparent ages (Ma)   Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
 204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0018 55 35231 19.083 10.2 0.0731 13.3 0.0101 8.6 0.64 64.9 5.5 71.6 9.2 303.0 232.4 64.9 5.5 NA 
CF0018 1 8258 21.924 22.3 0.0706 23.2 0.0112 6.6 0.28 72.0 4.7 69.3 15.5 -22.9 544.9 72.0 4.7 NA 
CF0018 109 25217 21.092 9.2 0.0736 11.2 0.0113 6.4 0.57 72.2 4.6 72.1 7.8 70.0 218.7 72.2 4.6 NA 
CF0018 138 6670 21.073 43.9 0.0737 44.5 0.0113 7.6 0.17 72.2 5.5 72.2 31.0 72.0 1090.6 72.2 5.5 NA 
CF0018 69 9814 21.737 19.4 0.0723 20.3 0.0114 6.0 0.29 73.1 4.3 70.9 13.9 -2.1 471.7 73.1 4.3 NA 
CF0018 88 13572 20.548 10.2 0.0766 10.5 0.0114 2.5 0.24 73.2 1.8 74.9 7.6 131.7 239.9 73.2 1.8 NA 
CF0018 3 10807 22.121 9.7 0.0713 10.4 0.0114 3.6 0.35 73.3 2.7 70.0 7.0 -44.6 236.2 73.3 2.7 NA 
CF0018 86 27785 22.147 11.8 0.0713 12.0 0.0114 1.9 0.16 73.4 1.4 69.9 8.1 -47.4 288.4 73.4 1.4 NA 
CF0018 12 21488 23.042 17.2 0.0688 17.2 0.0115 1.5 0.09 73.7 1.1 67.5 11.3 -144.7 428.4 73.7 1.1 NA 
CF0018 52 26465 23.193 13.7 0.0683 14.0 0.0115 2.6 0.19 73.7 1.9 67.1 9.1 -160.9 342.2 73.7 1.9 NA 
CF0018 121 25698 22.183 16.7 0.0717 16.8 0.0115 1.7 0.10 73.9 1.2 70.3 11.4 -51.3 408.1 73.9 1.2 NA 
CF0018 49 52035 20.994 8.7 0.0757 8.8 0.0115 1.5 0.17 73.9 1.1 74.1 6.3 81.0 206.7 73.9 1.1 NA 
CF0018 15 13796 22.262 9.7 0.0715 10.0 0.0116 2.6 0.26 74.0 1.9 70.2 6.8 -60.0 235.8 74.0 1.9 NA 
CF0018 43 71329 19.990 7.2 0.0800 7.2 0.0116 1.1 0.15 74.3 0.8 78.1 5.5 196.2 166.6 74.3 0.8 NA 
CF0018 54 30607 22.289 6.4 0.0719 6.7 0.0116 2.0 0.30 74.5 1.5 70.5 4.6 -63.0 156.8 74.5 1.5 NA 
CF0018 29 20163 20.528 11.8 0.0782 12.2 0.0116 2.8 0.23 74.6 2.1 76.4 9.0 134.1 278.9 74.6 2.1 NA 
CF0018 151 7671 23.148 10.8 0.0694 11.2 0.0116 3.0 0.27 74.7 2.2 68.1 7.4 -156.1 267.8 74.7 2.2 NA 
CF0018 21 5951 21.716 9.3 0.0746 9.8 0.0117 3.0 0.30 75.3 2.2 73.1 6.9 0.1 225.1 75.3 2.2 NA 
CF0018 8 9307 22.244 12.4 0.0728 12.8 0.0117 3.3 0.26 75.3 2.5 71.3 8.8 -58.1 303.1 75.3 2.5 NA 
CF0018 123 17850 21.898 11.0 0.0745 11.4 0.0118 3.2 0.28 75.8 2.4 73.0 8.0 -20.0 266.0 75.8 2.4 NA 
CF0018 28 17162 22.574 21.9 0.0732 22.4 0.0120 5.0 0.22 76.8 3.8 71.8 15.5 -94.1 541.8 76.8 3.8 NA 
CF0018 45 34472 21.943 13.0 0.0760 13.9 0.0121 5.0 0.36 77.5 3.8 74.4 10.0 -25.0 315.5 77.5 3.8 NA 
CF0018 11 548891 10.450 0.5 3.0929 4.1 0.2344 4.1 0.99 1357.6 49.6 1430.9 31.4 1541.7 10.0 1541.7 10.0 88.1 
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Table A4. U-Pb Crystallization Ages (Bedrock Sample – CF 96 08) 
     Isotope ratios    Apparent ages (Ma)   Best   
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
 204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9608 196  26653 20.718 5.6 0.0753 6.6 0.0113 3.4 0.51 72.5 2.4 73.7 4.7 112.4 133.3 72.5 2.4 NA 
CF9608 173  13408 21.622 15.1 0.0730 15.8 0.0114 4.7 0.30 73.4 3.5 71.5 10.9 10.5 365.1 73.4 3.5 NA 
CF9608 185  17977 24.033 12.8 0.0660 13.2 0.0115 3.3 0.25 73.8 2.4 64.9 8.3 -250.1 325.1 73.8 2.4 NA 
CF9608 200  23902 20.519 13.3 0.0782 13.4 0.0116 1.6 0.12 74.6 1.2 76.5 9.9 135.1 313.7 74.6 1.2 NA 
CF9608 182  12546 21.374 12.7 0.0752 13.4 0.0117 4.0 0.30 74.7 3.0 73.6 9.5 38.2 305.9 74.7 3.0 NA 
CF9608 210  16365 20.672 9.3 0.0779 9.5 0.0117 2.1 0.22 74.8 1.6 76.1 7.0 117.6 219.7 74.8 1.6 NA 
CF9608 268  26793 21.898 10.1 0.0736 10.2 0.0117 1.0 0.10 74.9 0.8 72.1 7.1 -20.0 245.8 74.9 0.8 NA 
CF9608 208  33812 19.950 4.7 0.0810 5.4 0.0117 2.8 0.51 75.1 2.1 79.1 4.1 200.7 108.5 75.1 2.1 NA 
CF9608 220  22042 23.808 11.5 0.0680 11.7 0.0117 2.3 0.20 75.2 1.8 66.8 7.6 -226.4 289.7 75.2 1.8 NA 
CF9608 222  3666 19.907 13.4 0.0814 13.6 0.0118 2.3 0.17 75.4 1.7 79.5 10.4 205.8 312.4 75.4 1.7 NA 
CF9608 252  17719 19.645 8.2 0.0828 9.7 0.0118 5.1 0.53 75.6 3.8 80.7 7.5 236.4 190.1 75.6 3.8 NA 
CF9608 191  12870 21.431 12.5 0.0763 13.0 0.0119 3.7 0.29 76.1 2.8 74.7 9.4 31.9 299.9 76.1 2.8 NA 
CF9608 168  17035 21.145 13.6 0.0777 14.1 0.0119 3.7 0.26 76.3 2.8 75.9 10.3 64.0 325.3 76.3 2.8 NA 
CF9608 195  12178 22.174 14.7 0.0743 16.5 0.0119 7.5 0.45 76.5 5.7 72.7 11.6 -50.4 360.0 76.5 5.7 NA 
CF9608 209  23460 22.545 28.2 0.0734 28.6 0.0120 4.6 0.16 76.9 3.5 71.9 19.9 -90.9 704.2 76.9 3.5 NA 
CF9608 251  11341 20.363 19.1 0.0826 19.9 0.0122 5.6 0.28 78.2 4.3 80.6 15.4 153.0 451.3 78.2 4.3 NA 
CF9608 267  9694 19.971 13.8 0.0854 15.6 0.0124 7.3 0.47 79.2 5.8 83.2 12.5 198.3 321.7 79.2 5.8 NA 
CF9608 176  546047 10.643 0.6 3.1346 3.7 0.2420 3.6 0.99 1396.9 45.5 1441.2 28.3 1507.2 11.2 1507.2 11.2 92.7 
CF9608 201  2070059 10.164 0.2 3.3936 1.5 0.2502 1.5 0.99 1439.3 18.7 1502.9 11.5 1593.8 4.0 1593.8 4.0 90.3 
CF9608 229  993893 9.739 0.2 3.8440 1.1 0.2715 1.1 0.98 1548.5 14.5 1602.0 8.7 1673.1 4.3 1673.1 4.3 92.6 
CF9608 198  245430 9.591 0.4 4.2624 1.2 0.2965 1.2 0.94 1674.0 17.1 1686.1 10.1 1701.2 7.7 1701.2 7.7 98.4 
CF9608 221  1140822 9.502 0.2 4.3099 1.3 0.2970 1.2 0.99 1676.7 18.2 1695.3 10.3 1718.3 3.8 1718.3 3.8 97.6 
CF9608 193  396143 9.058 6.4 4.0727 8.3 0.2676 5.2 0.63 1528.4 70.7 1648.9 67.4 1805.9 116.7 1805.9 116.7 84.6 
145 
 
 
 
Table A4. U-Pb Crystallization Ages (Bedrock Sample – CF 96 04) 
        Isotope ratios       Apparent ages (Ma)       Best   
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9604 393 20082 20.533 4.0 0.0757 5.1 0.0113 3.1 0.62 72.3 2.2 74.1 3.6 133.4 93.5 72.3 2.2 NA 
CF9604 362 17898 21.788 7.3 0.0717 8.0 0.0113 3.3 0.41 72.7 2.4 70.3 5.5 -7.9 177.0 72.7 2.4 NA 
CF9604 355 12987 19.188 20.6 0.0823 21.4 0.0115 5.9 0.28 73.4 4.3 80.3 16.5 290.4 474.2 73.4 4.3 NA 
CF9604 366 35065 22.166 6.7 0.0712 6.8 0.0115 1.2 0.17 73.4 0.9 69.9 4.6 -49.5 163.6 73.4 0.9 NA 
CF9604 360 23764 21.564 10.2 0.0733 10.4 0.0115 1.9 0.18 73.5 1.4 71.8 7.2 17.0 245.2 73.5 1.4 NA 
CF9604 356 60100 21.347 3.7 0.0742 4.4 0.0115 2.4 0.56 73.6 1.8 72.6 3.1 41.3 87.6 73.6 1.8 NA 
CF9604 388 9391 22.955 11.3 0.0689 11.8 0.0115 3.4 0.29 73.6 2.5 67.7 7.8 -135.4 281.0 73.6 2.5 NA 
CF9604 394 50731 21.424 3.6 0.0742 4.0 0.0115 1.6 0.41 73.9 1.2 72.6 2.8 32.7 86.5 73.9 1.2 NA 
CF9604 446 17801 22.134 20.1 0.0722 20.6 0.0116 4.6 0.23 74.2 3.4 70.7 14.1 -46.0 491.9 74.2 3.4 NA 
CF9604 351 7174 24.292 17.9 0.0659 18.8 0.0116 5.8 0.31 74.4 4.3 64.8 11.8 -277.4 457.7 74.4 4.3 NA 
CF9604 447 48375 21.027 5.5 0.0765 5.6 0.0117 1.2 0.21 74.8 0.9 74.9 4.0 77.3 130.5 74.8 0.9 NA 
CF9604 350 48869 21.065 12.5 0.0766 12.8 0.0117 2.8 0.22 75.0 2.1 74.9 9.3 73.0 298.6 75.0 2.1 NA 
CF9604 404 33939 22.012 9.3 0.0734 9.4 0.0117 1.3 0.14 75.1 1.0 71.9 6.5 -32.5 225.7 75.1 1.0 NA 
CF9604 374 18744 20.505 12.0 0.0789 12.4 0.0117 2.9 0.23 75.2 2.1 77.1 9.2 136.7 283.9 75.2 2.1 NA 
CF9604 392 13967 21.004 22.7 0.0770 23.2 0.0117 5.0 0.21 75.2 3.7 75.3 16.9 79.9 544.5 75.2 3.7 NA 
CF9604 352 12467 21.144 16.3 0.0767 16.5 0.0118 2.9 0.18 75.4 2.2 75.0 12.0 64.1 390.0 75.4 2.2 NA 
CF9604 389 2555 15.321 33.3 0.1060 33.7 0.0118 5.4 0.16 75.5 4.0 102.3 32.8 783.0 718.3 75.5 4.0 NA 
CF9604 449 7778 21.168 21.0 0.0770 21.8 0.0118 6.2 0.28 75.7 4.7 75.3 15.9 61.4 503.9 75.7 4.7 NA 
CF9604 402 9440 23.231 23.9 0.0702 24.5 0.0118 5.4 0.22 75.8 4.0 68.9 16.3 -165.0 601.7 75.8 4.0 NA 
CF9604 464 26529 22.834 13.4 0.0715 14.3 0.0118 4.8 0.34 75.9 3.6 70.2 9.7 -122.3 332.8 75.9 3.6 NA 
CF9604 367 43968 21.023 7.6 0.0782 7.7 0.0119 1.2 0.15 76.4 0.9 76.5 5.7 77.8 181.5 76.4 0.9 NA 
CF9604 364 30609 21.413 4.3 0.0781 4.9 0.0121 2.5 0.50 77.7 1.9 76.4 3.6 33.9 102.1 77.7 1.9 NA 
CF9604 442 51361 20.709 5.7 0.0807 6.5 0.0121 3.0 0.47 77.7 2.3 78.8 4.9 113.3 134.7 77.7 2.3 NA 
CF9604 396 101596 12.587 4.0 0.2214 8.5 0.0202 7.6 0.88 129.0 9.7 203.0 15.7 1183.2 78.8 129.0 9.7 NA 
CF9604 349 499020 11.332 0.7 2.6040 1.5 0.2140 1.4 0.90 1250.3 15.6 1301.8 11.1 1387.7 12.5 1387.7 12.5 90.1 
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Table A4. U-Pb Crystallization Ages (Bedrock Sample – CF 96 04) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9604 379  559520 10.124 0.6 3.3010 5.4 0.2424 5.3 0.99 1399.1 67.0 1481.3 41.8 1601.1 10.9 1601.1 10.9 87.4 
CF9604 438  362820 10.033 0.9 3.9589 4.1 0.2881 4.0 0.97 1632.0 57.2 1625.8 33.0 1617.8 17.6 1617.8 17.6 100.9 
CF9604 365  476646 9.871 3.2 3.3795 4.0 0.2420 2.4 0.61 1396.9 30.6 1499.7 31.3 1648.1 58.7 1648.1 58.7 84.8 
CF9604 386  117511 9.806 0.8 4.1540 4.6 0.2955 4.5 0.99 1668.7 66.3 1665.0 37.5 1660.3 14.4 1660.3 14.4 100.5 
CF9604 399  777160 9.527 0.4 4.2676 1.1 0.2949 1.0 0.93 1666.0 14.9 1687.1 9.0 1713.6 7.4 1713.6 7.4 97.2 
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Table A4. U-Pb Crystallization Ages (Bedrock Sample – ST 09 02) 
    Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
 204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
ST0902 10 13719 19.840 9.4 0.0774 10.6 0.0111 4.8 0.46 71.4 3.4 75.7 7.7 213.7 217.8 71.4 3.4 NA 
ST0902 30 14559 19.516 24.8 0.0817 25.0 0.0116 3.4 0.14 74.2 2.5 79.8 19.2 251.6 578.3 74.2 2.5 NA 
ST0902 31 29798 20.658 5.6 0.0773 5.9 0.0116 2.0 0.34 74.2 1.5 75.6 4.3 119.2 130.9 74.2 1.5 NA 
ST0902 3 15595 21.937 11.8 0.0729 12.1 0.0116 3.0 0.25 74.4 2.2 71.5 8.4 -24.3 285.5 74.4 2.2 NA 
ST0902 61 11804 19.685 10.5 0.0813 13.5 0.0116 8.5 0.63 74.4 6.3 79.4 10.3 231.7 243.6 74.4 6.3 NA 
ST0902 15 7547 48.116 102.2 0.0333 102.2 0.0116 2.8 0.03 74.5 2.1 33.3 33.5 NA NA 74.5 2.1 NA 
ST0902 60 47705 20.781 5.3 0.0774 5.4 0.0117 0.9 0.16 74.7 0.7 75.7 3.9 105.2 124.8 74.7 0.7 NA 
ST0902 6 10260 20.685 17.7 0.0778 18.2 0.0117 4.3 0.24 74.8 3.2 76.1 13.3 116.1 419.7 74.8 3.2 NA 
ST0902 32 36822 19.536 11.6 0.0826 12.0 0.0117 3.1 0.26 75.0 2.3 80.6 9.3 249.3 267.5 75.0 2.3 NA 
ST0902 59 16234 19.947 8.9 0.0809 9.3 0.0117 2.5 0.27 75.0 1.9 79.0 7.0 201.1 207.2 75.0 1.9 NA 
ST0902 8 42740 20.425 8.0 0.0793 8.5 0.0117 2.7 0.32 75.3 2.0 77.5 6.3 145.8 188.3 75.3 2.0 NA 
ST0902 5 17842 23.855 7.1 0.0681 7.9 0.0118 3.4 0.43 75.5 2.5 66.8 5.1 -231.3 180.0 75.5 2.5 NA 
ST0902 53 16146 21.504 8.6 0.0756 9.5 0.0118 4.0 0.42 75.5 3.0 74.0 6.8 23.7 207.8 75.5 3.0 NA 
ST0902 21 31774 21.654 14.0 0.0751 14.1 0.0118 1.4 0.10 75.6 1.0 73.6 10.0 7.0 339.5 75.6 1.0 NA 
ST0902 9 18918 24.618 18.5 0.0662 18.9 0.0118 3.6 0.19 75.8 2.7 65.1 11.9 -311.4 478.3 75.8 2.7 NA 
ST0902 75 19166 19.984 8.9 0.0816 9.2 0.0118 2.1 0.23 75.8 1.6 79.6 7.0 196.8 207.4 75.8 1.6 NA 
ST0902 24 18285 23.464 17.6 0.0698 17.9 0.0119 3.4 0.19 76.2 2.6 68.5 11.9 -189.9 441.8 76.2 2.6 NA 
ST0902 74 34881 20.981 7.0 0.0782 7.2 0.0119 1.7 0.23 76.2 1.3 76.4 5.3 82.4 167.0 76.2 1.3 NA 
ST0902 29 25790 20.850 3.0 0.0796 3.9 0.0120 2.5 0.65 77.1 1.9 77.7 2.9 97.3 70.4 77.1 1.9 NA 
ST0902 50 38345 23.003 18.5 0.0726 19.0 0.0121 4.2 0.22 77.6 3.2 71.2 13.1 -140.5 462.5 77.6 3.2 NA 
ST0902 44 33286 20.369 10.7 0.1428 11.2 0.0211 3.5 0.31 134.5 4.7 135.5 14.2 152.3 250.3 134.5 4.7 NA 
ST0902 22 59254 11.074 1.7 3.0053 2.0 0.2414 1.0 0.51 1394.0 12.7 1409.0 15.1 1431.7 32.6 1431.7 32.6 97.4 
ST0902 16 1508080 9.850 0.3 3.9487 1.6 0.2821 1.6 0.98 1601.9 22.7 1623.7 13.2 1652.1 5.4 1652.1 5.4 97.0 
ST0902 37 31977 9.847 0.7 3.9492 0.8 0.2820 0.4 0.47 1601.7 5.4 1623.8 6.7 1652.7 13.5 1652.7 13.5 96.9 
ST0902 7 460537 9.615 0.4 4.2309 2.3 0.2950 2.2 0.98 1666.7 33.0 1680.0 18.8 1696.8 7.4 1696.8 7.4 98.2 
ST0902 40 529363 9.447 0.3 4.4445 1.9 0.3045 1.8 0.99 1713.8 27.7 1720.7 15.5 1729.1 5.5 1729.1 5.5 99.1 
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Table A4. U-Pb Crystallization Ages (Regolith Sample – CF 00 04) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0004 241  11827 25.79 16.4 0.0607 17.6 0.0114 6.2 0.35 72.8 4.5 59.9 10.2 -432.0 434.1 72.8 4.5 NA 
CF0004 169  29593 20.43 6.5 0.0768 6.8 0.0114 1.9 0.29 72.9 1.4 75.1 4.9 145.4 152.2 72.9 1.4 NA 
CF0004 226  16701 23.11 7.8 0.0681 8.7 0.0114 3.9 0.44 73.1 2.8 66.8 5.6 -151.8 193.5 73.1 2.8 NA 
CF0004 239  49324 20.75 4.4 0.0759 4.9 0.0114 2.1 0.44 73.2 1.5 74.3 3.5 109.1 103.3 73.2 1.5 NA 
CF0004 284  50859 21.52 3.3 0.0732 3.8 0.0114 1.9 0.51 73.2 1.4 71.7 2.6 22.4 78.6 73.2 1.4 NA 
CF0004 300  16682 21.37 14.1 0.0737 15.1 0.0114 5.4 0.35 73.2 3.9 72.2 10.5 39.0 338.9 73.2 3.9 NA 
CF0004 262  16996 23.27 14.8 0.0677 15.2 0.0114 3.6 0.23 73.3 2.6 66.5 9.8 -169.1 369.4 73.3 2.6 NA 
CF0004 208  20725 21.50 8.8 0.0738 8.9 0.0115 1.6 0.18 73.8 1.2 72.3 6.2 24.6 210.6 73.8 1.2 NA 
CF0004 257  38024 21.16 8.7 0.0751 8.8 0.0115 1.4 0.16 73.9 1.0 73.6 6.2 62.9 206.4 73.9 1.0 NA 
CF0004 197  51794 21.87 6.3 0.0727 6.7 0.0115 2.2 0.32 74.0 1.6 71.3 4.6 -17.0 153.1 74.0 1.6 NA 
CF0004 235  26719 22.68 11.3 0.0702 11.4 0.0116 1.6 0.14 74.0 1.2 68.9 7.6 -106.0 279.2 74.0 1.2 NA 
CF0004 260  33169 21.96 6.4 0.0725 6.7 0.0116 1.9 0.28 74.0 1.4 71.1 4.6 -27.2 155.5 74.0 1.4 NA 
CF0004 252  21950 21.32 6.0 0.0749 6.1 0.0116 1.3 0.21 74.2 0.9 73.3 4.3 44.8 142.9 74.2 0.9 NA 
CF0004 240  28460 20.96 8.8 0.0762 9.1 0.0116 2.4 0.27 74.3 1.8 74.6 6.5 84.7 208.0 74.3 1.8 NA 
CF0004 199  3580 20.37 4.8 0.0786 6.7 0.0116 4.6 0.69 74.4 3.4 76.8 4.9 152.8 113.0 74.4 3.4 NA 
CF0004 203  6238 23.93 29.7 0.0670 30.2 0.0116 5.6 0.18 74.5 4.1 65.8 19.2 -238.8 762.9 74.5 4.1 NA 
CF0004 224  15269 21.30 17.3 0.0753 18.0 0.0116 4.8 0.27 74.6 3.6 73.7 12.8 46.6 416.2 74.6 3.6 NA 
CF0004 298  21360 19.67 16.4 0.0818 17.2 0.0117 5.0 0.29 74.8 3.7 79.8 13.2 233.3 381.1 74.8 3.7 NA 
CF0004 170  11353 19.68 29.5 0.0835 29.9 0.0119 5.0 0.17 76.4 3.8 81.5 23.4 231.9 694.5 76.4 3.8 NA 
CF0004 178  19434 21.52 13.2 0.0770 15.3 0.0120 7.8 0.51 77.0 6.0 75.3 11.1 21.9 317.9 77.0 6.0 NA 
CF0004 225  27678 20.55 6.1 0.0875 6.3 0.0130 1.6 0.25 83.5 1.3 85.1 5.2 131.6 144.4 83.5 1.3 NA 
CF0004 168  569047 10.92 0.3 2.8362 1.2 0.2247 1.2 0.96 1306.8 14.2 1365.2 9.4 1457.7 6.5 1457.7 6.5 89.6 
CF0004 167  474831 10.76 0.6 2.9113 2.2 0.2271 2.2 0.97 1319.3 25.7 1384.8 16.8 1487.3 10.5 1487.3 10.5 88.7 
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Table A4. U-Pb Crystallization Ages (Regolith Sample – CF 00 05) 
        Isotope ratios       Apparent ages (Ma)       Best   
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0005 561  9459 24.600 28.3 0.0633 30.0 0.0113 10.0 0.33 72.4 7.2 62.3 18.2 -309.5 738.0 72.4 7.2 NA 
CF0005 616  41441 20.525 4.3 0.0764 4.5 0.0114 1.2 0.27 72.9 0.9 74.7 3.2 134.4 101.6 72.9 0.9 NA 
CF0005 613  9872 26.433 14.6 0.0595 14.7 0.0114 2.2 0.15 73.1 1.6 58.7 8.4 -497.1 389.6 73.1 1.6 NA 
CF0005 558  23426 19.520 20.5 0.0812 21.2 0.0115 5.2 0.24 73.7 3.8 79.3 16.1 251.1 476.8 73.7 3.8 NA 
CF0005 560  9034 22.307 39.4 0.0712 40.6 0.0115 9.7 0.24 73.8 7.1 69.8 27.4 -65.0 996.8 73.8 7.1 NA 
CF0005 607  12054 22.167 25.8 0.0716 26.2 0.0115 4.5 0.17 73.8 3.3 70.3 17.8 -49.7 636.1 73.8 3.3 NA 
CF0005 602  13640 22.692 15.9 0.0700 16.1 0.0115 2.4 0.15 73.9 1.8 68.7 10.7 -106.8 392.7 73.9 1.8 NA 
CF0005 570  23287 21.659 13.7 0.0737 14.0 0.0116 3.0 0.21 74.2 2.2 72.2 9.8 6.4 331.3 74.2 2.2 NA 
CF0005 611  6534 19.822 9.0 0.0805 9.8 0.0116 3.8 0.39 74.2 2.8 78.6 7.4 215.7 208.0 74.2 2.8 NA 
CF0005 637  24138 19.253 5.3 0.0832 5.8 0.0116 2.3 0.40 74.4 1.7 81.1 4.5 282.7 121.0 74.4 1.7 NA 
CF0005 582  10982 22.240 16.3 0.0720 16.6 0.0116 3.0 0.18 74.5 2.2 70.6 11.3 -57.6 400.3 74.5 2.2 NA 
CF0005 565  14909 28.287 31.2 0.0570 32.2 0.0117 7.8 0.24 75.0 5.8 56.3 17.6 -680.9 880.2 75.0 5.8 NA 
CF0005 592  15369 20.497 8.0 0.0788 9.4 0.0117 4.8 0.52 75.1 3.6 77.1 7.0 137.6 188.7 75.1 3.6 NA 
CF0005 631  4231 19.585 23.6 0.0825 23.8 0.0117 3.7 0.15 75.1 2.7 80.5 18.5 243.5 549.6 75.1 2.7 NA 
CF0005 636  13848 20.439 12.4 0.0798 13.0 0.0118 3.9 0.30 75.9 3.0 78.0 9.8 144.2 292.8 75.9 3.0 NA 
CF0005 583  33121 21.100 10.8 0.0777 11.1 0.0119 2.8 0.25 76.2 2.1 75.9 8.1 69.0 257.0 76.2 2.1 NA 
CF0005 667  35350 20.671 11.3 0.0796 11.6 0.0119 2.6 0.23 76.4 2.0 77.7 8.7 117.7 266.1 76.4 2.0 NA 
CF0005 571  31992 20.877 16.1 0.0788 16.5 0.0119 3.7 0.23 76.5 2.8 77.0 12.3 94.3 383.6 76.5 2.8 NA 
CF0005 623  31827 21.720 11.8 0.0761 12.1 0.0120 2.5 0.21 76.8 1.9 74.5 8.7 -0.2 286.4 76.8 1.9 NA 
CF0005 555  7958 21.276 54.7 0.0779 55.1 0.0120 6.5 0.12 77.1 5.0 76.2 40.4 49.2 1405.6 77.1 5.0 NA 
CF0005 635  12307 20.758 30.5 0.0808 30.9 0.0122 4.9 0.16 78.0 3.8 78.9 23.5 107.8 736.1 78.0 3.8 NA 
CF0005 650  369223 11.221 0.4 2.9199 1.6 0.2376 1.5 0.96 1374.4 18.5 1387.1 11.8 1406.6 7.9 1406.6 7.9 97.7 
CF0005 577  767441 10.956 0.6 3.0389 1.3 0.2415 1.2 0.90 1394.4 14.6 1417.4 9.9 1452.2 10.9 1452.2 10.9 96.0 
CF0005 652  454577 9.984 0.3 3.6624 1.6 0.2652 1.6 0.98 1516.5 21.3 1563.2 12.8 1626.9 5.5 1626.9 5.5 93.2 
CF0005 559  734904 9.700 0.2 4.0042 0.8 0.2817 0.8 0.97 1600.0 10.6 1635.1 6.3 1680.5 3.3 1680.5 3.3 95.2 
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Table A4. U-Pb Crystallization Ages (Regolith Sample – CF 00 05) 
       Isotope ratios       Apparent ages (Ma)       Best   
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0005 596  49231 9.670 1.5 4.1835 1.9 0.2934 1.1 0.58 1658.6 15.7 1670.8 15.2 1686.1 27.9 1686.1 27.9 98.4 
CF0005 594  65736 9.630 0.7 4.1480 2.9 0.2897 2.8 0.96 1640.2 39.9 1663.8 23.4 1693.7 13.8 1693.7 13.8 96.8 
CF0005 566  970754 9.579 0.2 3.8404 1.1 0.2668 1.1 0.97 1524.6 14.6 1601.3 8.9 1703.7 4.5 1703.7 4.5 89.5 
CF0005 630  158056 9.406 0.5 4.2543 2.2 0.2902 2.2 0.98 1642.7 31.8 1684.6 18.4 1737.1 8.6 1737.1 8.6 94.6 
151 
 
 
 
Table A4. U-Pb Crystallization Ages (Grus Sample – CF 96 01) 
        Isotope ratios       Apparent ages (Ma)       Best   
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9601 407  9343 22.011 18.7 0.0694 20.5 0.0111 8.5 0.41 71.0 6.0 68.1 13.5 -32.4 456.4 71.0 6.0 NA 
CF9601 405  9574 21.830 7.5 0.0707 7.8 0.0112 2.0 0.26 71.8 1.5 69.4 5.2 -12.4 180.8 71.8 1.5 NA 
CF9601 424  4275 23.954 29.5 0.0646 30.2 0.0112 6.4 0.21 72.0 4.6 63.6 18.6 -241.8 760.1 72.0 4.6 NA 
CF9601 524  8137 22.595 23.7 0.0692 24.0 0.0113 3.2 0.13 72.7 2.3 67.9 15.7 -96.3 589.8 72.7 2.3 NA 
CF9601 430  12470 21.386 10.0 0.0736 10.2 0.0114 2.4 0.23 73.1 1.7 72.1 7.1 36.9 238.7 73.1 1.7 NA 
CF9601 415  30838 21.969 7.3 0.0718 7.7 0.0114 2.4 0.31 73.3 1.8 70.4 5.2 -27.8 177.5 73.3 1.8 NA 
CF9601 412  9907 19.757 4.6 0.0799 5.7 0.0115 3.4 0.59 73.4 2.5 78.1 4.3 223.3 105.4 73.4 2.5 NA 
CF9601 423  18350 20.481 18.1 0.0773 18.4 0.0115 3.4 0.18 73.6 2.5 75.6 13.4 139.5 427.3 73.6 2.5 NA 
CF9601 376  11756 19.409 8.7 0.0817 11.3 0.0115 7.1 0.63 73.7 5.2 79.7 8.6 264.3 200.1 73.7 5.2 NA 
CF9601 439  13731 22.273 24.4 0.0712 24.8 0.0115 4.5 0.18 73.8 3.3 69.9 16.7 -61.2 602.2 73.8 3.3 NA 
CF9601 403  17198 19.634 10.3 0.0811 10.7 0.0115 2.8 0.26 74.0 2.1 79.2 8.2 237.7 239.3 74.0 2.1 NA 
CF9601 370  10969 22.982 19.4 0.0694 20.7 0.0116 7.3 0.35 74.1 5.4 68.1 13.7 -138.2 484.1 74.1 5.4 NA 
CF9601 458  13727 20.708 11.7 0.0776 11.9 0.0117 2.3 0.19 74.7 1.7 75.9 8.7 113.5 276.3 74.7 1.7 NA 
CF9601 510  10975 22.171 14.2 0.0726 15.5 0.0117 6.3 0.41 74.8 4.7 71.2 10.7 -50.0 346.9 74.8 4.7 NA 
CF9601 364  5933 27.046 27.1 0.0600 27.5 0.0118 5.1 0.18 75.5 3.8 59.2 15.8 -558.4 740.5 75.5 3.8 NA 
CF9601 358  4852 17.152 42.4 0.0949 43.2 0.0118 7.9 0.18 75.7 5.9 92.1 38.0 541.2 970.1 75.7 5.9 NA 
CF9601 514  18680 22.893 22.9 0.0716 23.4 0.0119 4.5 0.19 76.2 3.4 70.2 15.9 -128.6 573.0 76.2 3.4 NA 
CF9601 374  5890 2.020 1388.5 0.8152 1388.5 0.0119 6.2 0.00 76.5 4.7 605.4 #NUM! 4226.8 426.1 76.5 4.7 NA 
CF9601 381  16112 18.779 15.3 0.0880 17.5 0.0120 8.6 0.49 76.8 6.6 85.6 14.4 339.6 347.8 76.8 6.6 NA 
CF9601 500  11890 21.050 15.4 0.0838 17.3 0.0128 7.9 0.46 82.0 6.5 81.7 13.6 74.8 368.0 82.0 6.5 NA 
CF9601 520  12125 22.214 17.0 0.0827 17.3 0.0133 3.2 0.19 85.3 2.7 80.7 13.4 -54.7 416.8 85.3 2.7 NA 
CF9601 505  33924 11.346 2.2 2.9538 2.5 0.2431 1.2 0.46 1402.6 14.6 1395.8 19.1 1385.5 42.9 1385.5 42.9 101.2 
CF9601 497  93243 11.320 1.2 2.9425 2.7 0.2416 2.4 0.88 1394.9 29.7 1392.9 20.3 1389.9 23.9 1389.9 23.9 100.4 
CF9601 464  40964 11.277 1.2 2.9656 2.3 0.2426 2.0 0.84 1400.0 24.6 1398.9 17.6 1397.2 23.9 1397.2 23.9 100.2 
CF9601 457  252482 11.274 1.6 3.0446 2.9 0.2489 2.4 0.83 1433.0 30.4 1418.9 21.9 1397.7 30.9 1397.7 30.9 102.5 
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Table A4. U-Pb Crystallization Ages (Grus Sample – CF 96 01) 
        Isotope ratios       Apparent ages (Ma)       Best   
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9601 361  129700 11.239 0.7 2.9438 1.2 0.2400 0.9 0.79 1386.5 11.8 1393.3 9.1 1403.6 13.9 1403.6 13.9 98.8 
CF9601 498  72786 11.224 1.4 2.9790 1.6 0.2425 0.9 0.54 1399.7 11.0 1402.3 12.5 1406.1 26.5 1406.1 26.5 99.5 
CF9601 501  412638 9.699 0.2 4.1605 2.7 0.2927 2.7 1.00 1654.9 39.2 1666.3 22.1 1680.7 4.4 1680.7 4.4 98.5 
CF9601 390  90140 11.152 2.0 3.0289 2.6 0.2450 1.6 0.64 1412.6 20.9 1414.9 19.7 1418.5 37.9 1418.5 37.9 99.6 
CF9601 474  8384 10.735 4.3 3.0700 4.6 0.2390 1.8 0.38 1381.6 22.0 1425.2 35.3 1490.9 80.6 1490.9 80.6 92.7 
CF9601 437  512502 10.074 0.3 3.6540 0.9 0.2670 0.9 0.96 1525.4 12.2 1561.4 7.5 1610.4 5.1 1610.4 5.1 94.7 
CF9601 450  107439 9.695 0.7 4.1795 1.2 0.2939 1.0 0.79 1660.9 14.3 1670.0 10.1 1681.4 13.8 1681.4 13.8 98.8 
CF9601 377  228924 9.687 0.5 4.2035 2.2 0.2953 2.1 0.98 1668.0 30.9 1674.7 17.6 1683.1 8.3 1683.1 8.3 99.1 
CF9601 417  155769 9.677 0.5 4.2950 1.5 0.3014 1.4 0.95 1698.4 20.7 1692.4 12.1 1685.0 8.8 1685.0 8.8 100.8 
CF9601 467  320462 9.672 0.2 3.8785 3.0 0.2721 3.0 1.00 1551.3 40.9 1609.2 24.0 1685.9 4.0 1685.9 4.0 92.0 
CF9601 360  704913 9.667 0.3 4.2408 2.2 0.2973 2.1 0.99 1678.0 31.6 1682.0 17.7 1686.9 4.8 1686.9 4.8 99.5 
CF9601 418  493931 8.359 1.6 5.1586 3.1 0.3128 2.6 0.85 1754.2 40.7 1845.8 26.5 1950.6 29.4 1950.6 29.4 89.9 
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Table A4. U-Pb Crystallization Ages (Gravel Sample – CF 00 09) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0009 527  15155 20.405 13.3 0.0753 14.8 0.0111 6.5 0.44 71.4 4.6 73.7 10.5 148.2 311.8 71.4 4.6 NA 
CF0009 630  12833 20.539 21.5 0.0755 22.0 0.0113 4.5 0.20 72.1 3.2 73.9 15.7 132.8 511.1 72.1 3.2 NA 
CF0009 589  18466 19.602 14.0 0.0795 14.2 0.0113 2.2 0.15 72.5 1.6 77.7 10.6 241.5 324.9 72.5 1.6 NA 
CF0009 583  22906 24.167 10.3 0.0653 10.4 0.0114 1.6 0.15 73.4 1.1 64.2 6.5 -264.2 262.0 73.4 1.1 NA 
CF0009 560  13675 24.453 9.7 0.0647 10.2 0.0115 3.1 0.30 73.5 2.3 63.6 6.3 -294.2 248.8 73.5 2.3 NA 
CF0009 575  9255 19.935 8.6 0.0794 8.9 0.0115 2.4 0.26 73.6 1.7 77.6 6.7 202.6 200.0 73.6 1.7 NA 
CF0009 592  14254 23.093 21.5 0.0688 21.9 0.0115 4.0 0.18 73.9 2.9 67.6 14.3 -150.1 539.4 73.9 2.9 NA 
CF0009 646  33029 24.696 12.5 0.0644 12.7 0.0115 2.4 0.19 73.9 1.7 63.4 7.8 -319.4 321.2 73.9 1.7 NA 
CF0009 629  9748 21.544 35.6 0.0739 36.3 0.0115 7.2 0.20 74.0 5.3 72.4 25.3 19.4 878.2 74.0 5.3 NA 
CF0009 648  22576 20.066 13.7 0.0793 13.8 0.0115 1.7 0.12 74.0 1.2 77.5 10.3 187.3 319.2 74.0 1.2 NA 
CF0009 548  50190 20.573 6.6 0.0777 6.8 0.0116 1.5 0.22 74.3 1.1 76.0 5.0 128.9 155.9 74.3 1.1 NA 
CF0009 601  11152 21.731 16.8 0.0737 17.9 0.0116 6.3 0.35 74.5 4.7 72.2 12.5 -1.4 406.6 74.5 4.7 NA 
CF0009 566  6511 26.138 30.4 0.0614 30.8 0.0116 5.0 0.16 74.6 3.7 60.5 18.1 -467.2 820.1 74.6 3.7 NA 
CF0009 602  16769 21.097 5.1 0.0761 5.6 0.0116 2.4 0.43 74.6 1.8 74.5 4.0 69.4 120.5 74.6 1.8 NA 
CF0009 603  25061 19.986 8.4 0.0804 9.8 0.0117 5.0 0.51 74.7 3.7 78.6 7.4 196.7 194.8 74.7 3.7 NA 
CF0009 631  15745 20.965 5.8 0.0766 7.4 0.0116 4.6 0.62 74.7 3.4 74.9 5.3 84.3 137.8 74.7 3.4 NA 
CF0009 650  8174 22.562 18.3 0.0712 19.3 0.0117 6.3 0.33 74.7 4.7 69.9 13.1 -92.8 451.4 74.7 4.7 NA 
CF0009 538  7301 31.145 32.2 0.0518 32.3 0.0117 3.3 0.10 74.9 2.4 51.3 16.2 -955.0 963.9 74.9 2.4 NA 
CF0009 649  9043 21.036 16.6 0.0766 17.0 0.0117 3.7 0.22 74.9 2.8 74.9 12.3 76.3 396.8 74.9 2.8 NA 
CF0009 616  6155 19.871 19.2 0.0812 20.4 0.0117 6.7 0.33 75.0 5.0 79.2 15.5 209.9 449.0 75.0 5.0 NA 
CF0009 540  23615 21.417 17.7 0.0755 18.0 0.0117 3.3 0.18 75.1 2.5 73.9 12.8 33.5 426.2 75.1 2.5 NA 
CF0009 660  23018 21.674 12.1 0.0745 12.3 0.0117 2.6 0.21 75.1 2.0 73.0 8.7 4.9 291.1 75.1 2.0 NA 
CF0009 585  13382 22.122 9.9 0.0732 10.2 0.0118 2.5 0.24 75.3 1.9 71.8 7.1 -44.6 241.4 75.3 1.9 NA 
CF0009 615  12487 23.635 17.2 0.0686 17.5 0.0118 3.0 0.17 75.4 2.2 67.4 11.4 -208.0 435.3 75.4 2.2 NA 
CF0009 596  7777 24.899 21.6 0.0655 22.3 0.0118 5.9 0.26 75.8 4.4 64.4 13.9 -340.5 560.8 75.8 4.4 NA 
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Table A4. U-Pb Crystallization Ages (Gravel Sample – CF 00 09) 
     
Isotope 
ratios    Apparent ages (Ma)    Best  Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0009 609  18108 21.316 14.8 0.0768 15.4 0.0119 4.1 0.27 76.1 3.1 75.1 11.1 44.8 355.6 76.1 3.1 NA 
CF0009 653  8200 24.778 31.5 0.0666 32.1 0.0120 6.2 0.19 76.7 4.7 65.5 20.4 -327.9 826.8 76.7 4.7 NA 
CF0009 613  7665 26.775 42.2 0.0654 42.5 0.0127 4.8 0.11 81.3 3.8 64.3 26.5 -531.3 1175.4 81.3 3.8 NA 
CF0009 586  54065 20.466 5.7 0.0863 6.1 0.0128 2.2 0.36 82.0 1.8 84.0 4.9 141.2 133.7 82.0 1.8 NA 
CF0009 617  19369 21.729 11.5 0.0984 11.7 0.0155 2.5 0.22 99.2 2.5 95.3 10.7 -1.2 277.1 99.2 2.5 NA 
CF0009 530  15775 20.999 22.3 0.1026 22.7 0.0156 4.3 0.19 99.9 4.3 99.1 21.4 80.4 534.0 99.9 4.3 NA 
CF0009 661  76176 11.344 1.2 2.9388 1.3 0.2418 0.6 0.44 1396.0 7.3 1392.0 9.9 1385.7 22.4 1385.7 22.4 100.7 
CF0009 635  37963 11.343 1.6 2.9383 2.4 0.2417 1.7 0.74 1395.6 21.9 1391.8 17.9 1386.0 30.5 1386.0 30.5 100.7 
CF0009 573  118578 11.306 0.4 2.6256 4.9 0.2153 4.9 1.00 1256.9 55.4 1307.8 35.8 1392.3 7.4 1392.3 7.4 90.3 
CF0009 595  139958 11.295 1.8 2.9721 2.1 0.2435 1.1 0.51 1404.7 13.6 1400.5 16.0 1394.1 34.6 1394.1 34.6 100.8 
CF0009 625  308489 11.211 0.4 2.9235 0.7 0.2377 0.6 0.86 1374.8 7.7 1388.0 5.4 1408.3 7.1 1408.3 7.1 97.6 
CF0009 655  116734 11.146 1.7 3.0247 2.2 0.2445 1.4 0.62 1410.1 17.3 1413.9 16.7 1419.5 32.9 1419.5 32.9 99.3 
CF0009 637  84591 11.122 1.3 3.0577 2.9 0.2466 2.6 0.89 1421.1 33.0 1422.2 22.2 1423.7 25.0 1423.7 25.0 99.8 
CF0009 546  70779 10.784 2.0 3.2229 2.4 0.2521 1.3 0.55 1449.1 17.0 1462.7 18.3 1482.4 37.3 1482.4 37.3 97.8 
CF0009 656  207468 10.314 1.1 3.3673 3.1 0.2519 2.9 0.93 1448.2 38.0 1496.8 24.6 1566.3 21.6 1566.3 21.6 92.5 
CF0009 593  893122 10.309 0.4 3.4829 0.9 0.2604 0.9 0.93 1491.9 11.7 1523.3 7.5 1567.3 6.7 1567.3 6.7 95.2 
CF0009 529  1204730 9.997 0.5 3.6829 1.3 0.2670 1.2 0.92 1525.8 16.8 1567.7 10.7 1624.5 9.6 1624.5 9.6 93.9 
CF0009 600  371464 9.778 0.2 3.7458 1.6 0.2656 1.6 0.99 1518.6 21.2 1581.2 12.7 1665.8 4.4 1665.8 4.4 91.2 
CF0009 623  123171 9.756 0.7 4.1156 2.5 0.2912 2.4 0.96 1647.6 34.9 1657.4 20.5 1669.8 13.6 1669.8 13.6 98.7 
CF0009 543  126146 9.739 0.7 4.1460 2.4 0.2929 2.2 0.95 1655.8 32.7 1663.4 19.3 1673.0 13.6 1673.0 13.6 99.0 
CF0009 536  143972 9.709 0.7 4.3869 5.3 0.3089 5.2 0.99 1735.4 79.3 1709.9 43.5 1678.8 13.1 1678.8 13.1 103.4 
CF0009 659  116514 9.702 0.6 4.1943 1.3 0.2951 1.2 0.89 1667.1 17.4 1672.9 10.9 1680.2 11.2 1680.2 11.2 99.2 
CF0009 640  102837 9.692 0.8 4.2988 2.3 0.3022 2.2 0.94 1702.1 32.9 1693.1 19.2 1682.0 14.1 1682.0 14.1 101.2 
CF0009 554  428350 9.676 0.3 4.2899 2.8 0.3010 2.8 0.99 1696.5 41.8 1691.4 23.2 1685.1 5.6 1685.1 5.6 100.7 
CF0009 580  264852 9.650 0.4 4.2390 1.3 0.2967 1.2 0.96 1674.9 18.1 1681.6 10.5 1690.0 7.0 1690.0 7.0 99.1 
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Table A4. U-Pb Crystallization Ages (Gravel Sample – CF 00 09) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0009 605 465590 9.649 0.2 4.2985 0.9 0.3008 0.9 0.96 1695.3 13.3 1693.1 7.6 1690.2 4.5 1690.2 4.5 100.3 
CF0009 549 225723 9.646 0.8 4.3885 1.7 0.3070 1.5 0.88 1726.0 22.1 1710.2 13.7 1690.8 14.3 1690.8 14.3 102.1 
CF0009 556 33591 9.642 0.4 4.1408 1.6 0.2896 1.6 0.97 1639.3 22.4 1662.4 13.1 1691.7 7.3 1691.7 7.3 96.9 
CF0009 634 424031 9.632 0.3 4.2263 1.2 0.2952 1.2 0.97 1667.6 17.0 1679.1 9.8 1693.6 4.9 1693.6 4.9 98.5 
CF0009 561 135294 9.631 1.4 4.4104 2.0 0.3081 1.5 0.75 1731.2 23.1 1714.3 16.9 1693.7 25.1 1693.7 25.1 102.2 
CF0009 572 264195 9.630 0.8 4.3234 3.1 0.3020 3.0 0.96 1701.0 45.3 1697.8 25.9 1693.9 15.4 1693.9 15.4 100.4 
CF0009 645 283057 9.627 0.2 4.2461 0.8 0.2965 0.8 0.97 1673.8 11.1 1683.0 6.4 1694.4 3.3 1694.4 3.3 98.8 
CF0009 535 49358 8.981 0.4 4.7613 3.0 0.3101 3.0 0.99 1741.4 45.3 1778.1 25.2 1821.4 7.9 1821.4 7.9 95.6 
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Table A4. U-Pb Crystallization Ages (Gravel Sample – CF 00 10) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0010 778  23269 19.889 14.4 0.0263 14.9 0.0038 3.7 0.25 24.5 0.9 26.4 3.9 207.9 335.8 24.5 0.9 NA 
CF0010 798  28176 18.140 17.1 0.0864 17.5 0.0114 3.7 0.21 72.9 2.7 84.1 14.1 417.3 383.4 72.9 2.7 NA 
CF0010 784  14887 23.423 9.5 0.0676 10.0 0.0115 3.1 0.32 73.6 2.3 66.4 6.4 -185.5 236.7 73.6 2.3 NA 
CF0010 796  8019 19.151 11.9 0.0827 12.4 0.0115 3.6 0.29 73.6 2.6 80.6 9.6 294.9 272.7 73.6 2.6 NA 
CF0010 760  11557 22.415 24.9 0.0708 25.1 0.0115 3.1 0.12 73.8 2.3 69.5 16.9 -76.7 617.7 73.8 2.3 NA 
Z3-Spot 148 40908 20.483 2.7 0.0775 4.5 0.0115 3.6 0.81 73.8 2.7 75.8 3.3 139.3 62.4 73.8 2.7 NA 
Z3-Spot 147 17881 21.819 4.2 0.0728 4.8 0.0115 2.4 0.49 73.9 1.7 71.4 3.3 11.2 101.5 73.9 1.7 NA 
CF0010 783  8818 20.535 16.9 0.0775 19.0 0.0115 8.8 0.46 74.0 6.5 75.8 13.9 133.3 398.9 74.0 6.5 NA 
CF0010 801  22070 22.581 13.2 0.0717 13.4 0.0117 2.1 0.15 75.2 1.5 70.3 9.1 -94.8 325.4 75.2 1.5 NA 
CF0010 824  8652 20.356 5.0 0.0795 5.8 0.0117 2.9 0.50 75.2 2.2 77.7 4.3 153.8 118.0 75.2 2.2 NA 
Z3-Spot 131 52716 20.918 1.5 0.0774 1.8 0.0117 0.9 0.51 75.3 0.7 75.7 1.3 89.7 35.8 75.3 0.7 NA 
CF0010 797  34773 21.910 21.1 0.0740 21.3 0.0118 3.0 0.14 75.4 2.3 72.5 14.9 -21.3 515.3 75.4 2.3 NA 
Z3-Spot 130 12106 20.812 2.6 0.0779 2.9 0.0118 1.3 0.46 75.4 1.0 76.2 2.1 101.8 60.8 75.4 1.0 NA 
CF0010 765  17166 21.167 20.8 0.0769 21.0 0.0118 3.0 0.14 75.7 2.2 75.2 15.2 61.6 500.0 75.7 2.2 NA 
CF0010 821  17542 20.830 13.4 0.0787 13.5 0.0119 2.2 0.16 76.2 1.6 76.9 10.0 99.6 317.4 76.2 1.6 NA 
CF0010 788  11857 21.570 19.5 0.0763 19.8 0.0119 3.5 0.18 76.5 2.7 74.7 14.3 16.4 472.1 76.5 2.7 NA 
Z3-Spot 145 8999 21.666 2.2 0.0763 2.8 0.0120 1.8 0.63 76.9 1.3 74.7 2.0 5.7 52.8 76.9 1.3 NA 
Z3-Spot 146 9141 13.732 15.1 0.1211 15.5 0.0121 3.3 0.21 77.3 2.5 116.0 17.0 1009.1 308.8 77.3 2.5 NA 
CF0010 759  4005 21.357 56.8 0.0791 58.8 0.0123 15.0 0.26 78.5 11.7 77.3 43.8 40.3 1473.7 78.5 11.7 NA 
CF0010 815  16695 24.801 32.4 0.0789 33.0 0.0142 6.2 0.19 90.9 5.6 77.1 24.5 -330.4 853.2 90.9 5.6 NA 
CF0010 773  8116 18.984 16.1 0.1979 16.7 0.0272 4.6 0.27 173.3 7.8 183.3 28.1 314.9 368.5 173.3 7.8 NA 
CF0010 825  46327 11.435 2.3 2.9452 2.7 0.2443 1.5 0.56 1408.8 19.5 1393.6 20.7 1370.5 43.4 1370.5 43.4 102.8 
CF0010 818  47214 11.418 2.1 2.8970 2.6 0.2399 1.4 0.55 1386.2 17.6 1381.1 19.3 1373.4 41.1 1373.4 41.1 100.9 
Z3-Spot 121 33813 11.351 1.2 2.9116 1.7 0.2397 1.2 0.72 1385.1 15.5 1384.9 13.0 1384.7 22.9 1384.7 22.9 100.0 
CF0010 795  123453 11.247 1.5 2.9988 3.5 0.2446 3.2 0.90 1410.7 40.2 1407.3 26.8 1402.2 29.3 1402.2 29.3 100.6 
CF0010 804  156490 11.240 0.8 2.8157 2.2 0.2295 2.1 0.94 1332.0 25.1 1359.7 16.7 1403.5 14.8 1403.5 14.8 94.9 
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Table A4. U-Pb Crystallization Ages (Gravel Sample – CF 00 10) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
Z3-Spot 126 86137 11.222 0.9 2.9968 1.4 0.2439 1.0 0.76 1406.9 13.0 1406.8 10.3 1406.6 16.8 1406.6 16.8 100.0 
CF0010 809  28639 11.195 1.2 2.9542 2.3 0.2399 1.9 0.86 1386.0 24.2 1395.9 17.2 1411.2 22.3 1411.2 22.3 98.2 
CF0010 764  84512 11.191 1.5 2.9587 3.6 0.2401 3.2 0.91 1387.4 40.3 1397.1 27.0 1411.9 28.5 1411.9 28.5 98.3 
Z3-Spot 134 96845 10.397 1.2 3.4651 1.6 0.2613 1.0 0.65 1496.4 13.6 1519.3 12.3 1551.4 22.3 1551.4 22.3 96.5 
CF0010 802  92375 10.128 1.3 3.6841 2.7 0.2706 2.4 0.87 1543.9 32.8 1567.9 21.9 1600.4 25.0 1600.4 25.0 96.5 
CF0010 813  2607832 9.915 0.4 3.5775 1.3 0.2573 1.2 0.95 1475.9 16.1 1544.6 10.2 1639.9 7.5 1639.9 7.5 90.0 
CF0010 806  68323 9.903 1.0 4.0728 2.2 0.2925 2.0 0.89 1654.2 28.7 1648.9 18.1 1642.1 19.0 1642.1 19.0 100.7 
CF0010 805  188710 9.901 0.4 3.9510 1.9 0.2837 1.9 0.98 1610.0 26.8 1624.2 15.7 1642.6 7.9 1642.6 7.9 98.0 
CF0010 819  880909 9.818 0.6 3.4564 2.0 0.2461 1.9 0.95 1418.4 24.4 1517.3 15.9 1658.2 12.0 1658.2 12.0 85.5 
CF0010 811  196055 9.789 0.5 3.7815 2.5 0.2685 2.5 0.98 1533.0 33.9 1588.8 20.3 1663.7 9.0 1663.7 9.0 92.1 
CF0010 769  319917 9.758 0.5 4.2904 2.1 0.3036 2.0 0.97 1709.3 30.6 1691.5 17.3 1669.6 9.7 1669.6 9.7 102.4 
CF0010 776  88705 9.736 1.6 4.3028 3.7 0.3038 3.4 0.91 1710.2 50.7 1693.9 30.6 1673.7 28.8 1673.7 28.8 102.2 
CF0010 812  83341 9.735 1.5 4.2016 2.2 0.2966 1.5 0.72 1674.7 22.7 1674.3 17.6 1673.9 27.7 1673.9 27.7 100.0 
CF0010 766  1408345 9.720 1.0 4.1857 2.4 0.2951 2.2 0.91 1666.8 32.1 1671.2 19.7 1676.8 18.6 1676.8 18.6 99.4 
CF0010 790  647954 9.711 0.2 4.1906 1.8 0.2951 1.8 0.99 1667.2 26.1 1672.2 14.7 1678.4 3.6 1678.4 3.6 99.3 
CF0010 771  196794 9.696 0.3 4.2198 1.0 0.2967 1.0 0.95 1675.1 14.1 1677.9 8.3 1681.3 5.7 1681.3 5.7 99.6 
CF0010 807  217933 9.676 0.6 4.4588 2.8 0.3129 2.7 0.98 1754.9 41.9 1723.3 23.2 1685.2 11.1 1685.2 11.1 104.1 
CF0010 823  1355906 9.668 0.2 4.3275 0.7 0.3035 0.7 0.97 1708.4 10.8 1698.6 6.1 1686.5 3.5 1686.5 3.5 101.3 
CF0010 767  356617 9.663 0.2 4.3274 0.8 0.3033 0.8 0.96 1707.5 11.7 1698.6 6.7 1687.7 4.2 1687.7 4.2 101.2 
CF0010 822  128570 9.661 0.1 4.2924 0.8 0.3008 0.8 0.99 1695.0 11.4 1691.9 6.4 1688.0 2.3 1688.0 2.3 100.4 
CF0010 816  160698 9.625 0.8 4.1090 1.5 0.2868 1.3 0.85 1625.6 18.8 1656.1 12.5 1694.9 14.8 1694.9 14.8 95.9 
CF0010 782  4336 9.622 1.6 3.7211 2.5 0.2597 2.0 0.79 1488.2 26.4 1575.9 20.2 1695.4 28.6 1695.4 28.6 87.8 
CF0010 800  563792 9.554 0.3 4.2373 2.9 0.2936 2.9 1.00 1659.6 42.5 1681.3 24.0 1708.5 5.2 1708.5 5.2 97.1 
CF0010 756  336662 9.537 0.6 4.2852 1.7 0.2964 1.6 0.94 1673.4 24.1 1690.5 14.3 1711.8 11.1 1711.8 11.1 97.8 
CF0010 787  92639 9.471 1.3 4.3086 2.6 0.2960 2.3 0.87 1671.2 33.6 1695.0 21.5 1724.6 23.3 1724.6 23.3 96.9 
CF0010 810  128855 9.446 0.7 4.4852 1.8 0.3073 1.6 0.91 1727.3 24.4 1728.2 14.6 1729.4 13.2 1729.4 13.2 99.9 
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Table A4. U-Pb Crystallization Ages (Very Coarse Sand Sample – CF 96 40) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9640 724  2881 7.159 128.2 0.2078 129.0 0.0108 14.8 0.11 69.2 10.2 191.7 229.2 2223.2 323.4 69.2 10.2 NA 
CF9640 718  21111 19.879 5.9 0.0782 6.2 0.0113 1.7 0.27 72.3 1.2 76.5 4.5 209.0 137.7 72.3 1.2 NA 
CF9640 780  4306 53.031 97.2 0.0296 97.4 0.0114 6.5 0.07 72.9 4.7 29.6 28.4 NA NA 72.9 4.7 NA 
CF9640 842  20481 21.139 5.6 0.0743 7.3 0.0114 4.7 0.65 73.0 3.4 72.8 5.1 64.7 133.0 73.0 3.4 NA 
CF9640 760  39669 20.388 14.1 0.0772 14.3 0.0114 1.9 0.14 73.2 1.4 75.5 10.4 150.1 332.6 73.2 1.4 NA 
CF9640 770  5173 21.366 17.2 0.0738 17.4 0.0114 3.0 0.17 73.3 2.2 72.3 12.2 39.3 413.0 73.3 2.2 NA 
CF9640 778  6381 21.052 14.8 0.0753 15.1 0.0115 3.2 0.21 73.7 2.4 73.7 10.8 74.6 353.1 73.7 2.4 NA 
CF9640 776  15824 23.662 17.4 0.0675 17.7 0.0116 3.0 0.17 74.2 2.2 66.3 11.3 -210.9 439.7 74.2 2.2 NA 
CF9640 750  8759 20.373 16.6 0.0786 17.0 0.0116 3.3 0.20 74.4 2.5 76.8 12.6 151.8 392.3 74.4 2.5 NA 
CF9640 784  30085 19.146 9.1 0.0837 9.3 0.0116 1.7 0.19 74.5 1.3 81.6 7.3 295.5 208.8 74.5 1.3 NA 
CF9640 744  6820 21.176 17.1 0.0758 17.1 0.0116 1.7 0.10 74.6 1.2 74.2 12.3 60.5 409.2 74.6 1.2 NA 
CF9640 781  17807 20.415 3.7 0.0786 4.4 0.0116 2.4 0.55 74.6 1.8 76.8 3.3 147.0 86.3 74.6 1.8 NA 
CF9640 714  841 14.365 41.3 0.1123 43.5 0.0117 13.5 0.31 75.0 10.1 108.0 44.6 917.0 887.6 75.0 10.1 NA 
CF9640 806  54118 20.590 6.1 0.0789 6.3 0.0118 1.6 0.25 75.5 1.2 77.1 4.7 127.0 144.0 75.5 1.2 NA 
CF9640 801  17271 21.596 11.0 0.0754 11.6 0.0118 3.7 0.32 75.7 2.8 73.8 8.2 13.5 264.5 75.7 2.8 NA 
CF9640 720  13643 21.507 20.8 0.0758 21.1 0.0118 3.5 0.17 75.8 2.6 74.2 15.1 23.5 504.2 75.8 2.6 NA 
CF9640 765  5883 25.815 46.0 0.0634 46.6 0.0119 6.9 0.15 76.0 5.2 62.4 28.2 -434.5 1267.5 76.0 5.2 NA 
CF9640 735  9919 24.042 17.2 0.0682 17.8 0.0119 4.5 0.25 76.2 3.4 67.0 11.5 -251.1 438.9 76.2 3.4 NA 
CF9640 777  5376 21.594 33.1 0.0759 33.4 0.0119 4.5 0.14 76.2 3.4 74.3 23.9 13.7 814.4 76.2 3.4 NA 
CF9640 773  6293 20.323 19.9 0.0808 21.7 0.0119 8.7 0.40 76.3 6.6 78.9 16.5 157.7 469.6 76.3 6.6 NA 
CF9640 783  7813 21.445 21.7 0.0765 22.1 0.0119 4.0 0.18 76.3 3.0 74.9 15.9 30.4 525.9 76.3 3.0 NA 
CF9640 841  13163 21.253 43.7 0.0781 44.3 0.0120 7.2 0.16 77.2 5.5 76.4 32.6 51.9 1090.6 77.2 5.5 NA 
CF9640 759  9067 20.208 19.0 0.0830 20.2 0.0122 7.0 0.35 78.0 5.4 81.0 15.7 170.9 446.7 78.0 5.4 NA 
CF9640 768  3351 20.699 156.2 0.0862 156.9 0.0129 15.1 0.10 82.9 12.4 84.0 127.2 114.5 1451.1 82.9 12.4 NA 
CF9640 746  496 16.460 29.9 0.1093 35.9 0.0130 19.9 0.55 83.6 16.5 105.3 36.0 630.5 658.4 83.6 16.5 NA 
CF9640 764  26202 18.279 15.2 0.1140 16.0 0.0151 5.0 0.31 96.7 4.8 109.6 16.6 400.3 341.4 96.7 4.8 NA 
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Table A4. U-Pb Crystallization Ages (Very Coarse Sand Sample – CF 96 40) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9640 742  20090 20.298 10.1 0.1031 10.5 0.0152 3.0 0.28 97.1 2.9 99.7 10.0 160.5 237.1 97.1 2.9 NA 
CF9640 712  30105 21.064 5.3 0.1318 8.7 0.0201 6.9 0.79 128.5 8.8 125.7 10.3 73.2 126.6 128.5 8.8 NA 
CF9640 797  37730 11.393 2.1 2.9060 2.3 0.2401 0.9 0.39 1387.4 11.2 1383.5 17.6 1377.4 41.2 1377.4 41.2 100.7 
CF9640 786  185892 11.269 0.7 2.9379 2.0 0.2401 1.9 0.94 1387.3 23.5 1391.7 15.1 1398.5 12.6 1398.5 12.6 99.2 
CF9640 739  244570 11.254 0.6 2.9725 1.0 0.2426 0.8 0.83 1400.3 10.2 1400.6 7.5 1401.1 10.7 1401.1 10.7 99.9 
CF9640 800  88767 11.244 0.6 2.9497 1.1 0.2405 0.9 0.81 1389.5 11.2 1394.8 8.4 1402.8 12.3 1402.8 12.3 99.0 
CF9640 819  85773 11.235 1.9 2.9685 3.2 0.2419 2.6 0.82 1396.5 32.8 1399.6 24.3 1404.2 35.5 1404.2 35.5 99.5 
CF9640 779  127296 11.234 1.1 2.8638 2.4 0.2333 2.2 0.90 1351.9 26.7 1372.4 18.4 1404.5 20.5 1404.5 20.5 96.3 
CF9640 785  376824 11.233 0.4 2.9739 0.7 0.2423 0.6 0.87 1398.5 8.1 1401.0 5.6 1404.7 6.9 1404.7 6.9 99.6 
CF9640 802  579430 11.231 0.2 2.8510 0.7 0.2322 0.7 0.97 1346.1 8.8 1369.1 5.6 1405.0 3.3 1405.0 3.3 95.8 
CF9640 741  202917 11.229 0.5 2.9695 1.2 0.2418 1.1 0.91 1396.2 13.5 1399.9 9.0 1405.4 9.3 1405.4 9.3 99.3 
CF9640 749  108498 11.227 0.9 2.9829 1.3 0.2429 0.9 0.71 1401.7 11.8 1403.3 10.0 1405.7 17.8 1405.7 17.8 99.7 
CF9640 810  70556 11.225 1.4 2.9655 2.2 0.2414 1.7 0.77 1394.1 21.6 1398.8 16.9 1406.0 27.0 1406.0 27.0 99.2 
CF9640 754  207615 11.222 0.6 2.9533 1.1 0.2404 1.0 0.85 1388.6 12.1 1395.7 8.7 1406.5 11.7 1406.5 11.7 98.7 
CF9640 734  350788 11.216 0.6 2.9981 0.9 0.2439 0.6 0.67 1406.9 7.3 1407.1 6.6 1407.6 12.2 1407.6 12.2 100.0 
CF9640 753  38469 11.209 1.8 2.9880 2.4 0.2429 1.6 0.66 1401.8 19.8 1404.6 18.2 1408.8 34.4 1408.8 34.4 99.5 
CF9640 793  59918 11.206 2.7 2.9573 3.2 0.2403 1.7 0.52 1388.5 20.8 1396.7 24.3 1409.3 52.5 1409.3 52.5 98.5 
CF9640 815  96805 11.198 1.3 3.0249 2.6 0.2457 2.3 0.86 1416.1 28.6 1413.9 20.0 1410.7 25.6 1410.7 25.6 100.4 
CF9640 721  140312 11.189 0.6 2.9767 2.5 0.2416 2.4 0.97 1394.8 30.1 1401.7 18.8 1412.2 11.4 1412.2 11.4 98.8 
CF9640 818  24544 11.188 2.9 3.0139 3.5 0.2446 1.9 0.54 1410.4 23.6 1411.1 26.5 1412.3 56.1 1412.3 56.1 99.9 
CF9640 719  10200 11.155 2.5 2.9086 2.8 0.2353 1.2 0.44 1362.3 15.1 1384.2 21.3 1418.1 48.3 1418.1 48.3 96.1 
CF9640 745  81856 11.135 1.3 2.9625 3.9 0.2392 3.7 0.95 1382.7 46.1 1398.0 29.7 1421.5 24.2 1421.5 24.2 97.3 
CF9640 733  176537 11.133 1.1 2.9800 1.7 0.2406 1.4 0.79 1389.9 17.3 1402.5 13.2 1421.8 20.2 1421.8 20.2 97.8 
CF9640 817  78026 11.124 2.1 2.8118 5.5 0.2268 5.1 0.92 1318.0 60.2 1358.7 41.0 1423.3 40.4 1423.3 40.4 92.6 
CF9640 756  342524 11.048 1.2 2.8261 2.1 0.2265 1.8 0.82 1315.9 20.9 1362.5 16.1 1436.3 23.4 1436.3 23.4 91.6 
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Table A4. U-Pb Crystallization Ages (Very Coarse Sand Sample – CF 96 40) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9640 796  401400 10.804 0.2 3.2282 2.7 0.2529 2.7 1.00 1453.6 35.0 1464.0 20.9 1478.9 3.2 1478.9 3.2 98.3 
CF9640 809  711629 10.195 0.6 3.7073 4.7 0.2741 4.7 0.99 1561.7 65.1 1572.9 37.9 1588.0 11.1 1588.0 11.1 98.3 
CF9640 722  108757 9.898 1.5 4.1878 2.4 0.3006 1.9 0.78 1694.4 28.6 1671.6 20.1 1643.1 28.2 1643.1 28.2 103.1 
CF9640 747  117867 9.761 1.1 4.2029 1.4 0.2975 0.7 0.54 1679.1 10.9 1674.6 11.1 1669.0 21.1 1669.0 21.1 100.6 
CF9640 832  215583 9.715 0.7 4.1781 2.9 0.2944 2.8 0.97 1663.5 40.9 1669.7 23.6 1677.6 12.7 1677.6 12.7 99.2 
CF9640 727  187000 9.670 0.6 4.3618 3.4 0.3059 3.4 0.98 1720.5 50.6 1705.1 28.1 1686.2 11.1 1686.2 11.1 102.0 
CF9640 830  67311 9.665 1.2 4.2269 2.6 0.2963 2.3 0.89 1673.0 34.2 1679.3 21.4 1687.1 22.1 1687.1 22.1 99.2 
CF9640 788  315480 9.653 0.5 4.2861 0.7 0.3001 0.5 0.64 1691.6 6.8 1690.7 5.9 1689.5 10.1 1689.5 10.1 100.1 
CF9640 762  597983 9.620 0.4 4.3013 1.1 0.3001 1.0 0.92 1691.8 15.2 1693.6 9.1 1695.9 7.8 1695.9 7.8 99.8 
CF9640 717  249497 9.615 0.6 4.2869 1.1 0.2989 0.9 0.84 1686.1 13.3 1690.9 8.8 1696.8 10.6 1696.8 10.6 99.4 
CF9640 771  86834 9.612 1.1 4.3067 1.5 0.3002 1.0 0.68 1692.4 15.0 1694.7 12.3 1697.4 20.2 1697.4 20.2 99.7 
CF9640 710  565667 9.426 0.2 4.3397 1.5 0.2967 1.5 0.99 1674.9 21.5 1700.9 12.1 1733.2 3.9 1733.2 3.9 96.6 
CF9640 738  181738 9.367 0.7 4.5453 3.2 0.3088 3.2 0.98 1734.7 48.3 1739.3 27.0 1744.8 12.7 1744.8 12.7 99.4 
CF9640 794  232176 7.054 4.3 6.9424 6.1 0.3552 4.3 0.71 1959.4 73.2 2104.1 54.4 2248.8 74.7 2248.8 74.7 87.1 
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Table A4. U-Pb Crystallization Ages (Coarse Sand Sample – CF 96 12) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9612 941  2898 13.833 33.6 0.0231 34.3 0.0023 6.9 0.20 14.9 1.0 23.1 7.9 994.1 703.4 14.9 1.0 NA 
CF9612 883  4130 27.536 62.9 0.0176 64.1 0.0035 11.9 0.19 22.6 2.7 17.7 11.2 -607.0 1886.5 22.6 2.7 NA 
CF9612 936  3264 27.890 41.0 0.0548 41.4 0.0111 5.4 0.13 71.0 3.8 54.1 21.8 -641.9 1165.4 71.0 3.8 NA 
CF9612 929  17247 20.814 13.4 0.0741 14.6 0.0112 5.9 0.41 71.7 4.2 72.6 10.3 101.4 317.9 71.7 4.2 NA 
CF9612 958  7371 25.998 49.9 0.0598 50.2 0.0113 5.5 0.11 72.3 3.9 59.0 28.8 -453.1 1391.4 72.3 3.9 NA 
CF9612 872  9309 25.186 23.7 0.0620 23.9 0.0113 3.3 0.14 72.6 2.4 61.0 14.2 -370.1 621.3 72.6 2.4 NA 
CF9612 1025 24115 23.589 6.9 0.0664 7.1 0.0114 1.8 0.26 72.8 1.3 65.3 4.5 -203.1 172.3 72.8 1.3 NA 
CF9612 915  21013 21.273 13.4 0.0737 13.5 0.0114 1.5 0.11 72.9 1.1 72.2 9.4 49.6 321.4 72.9 1.1 NA 
CF9612 954  9533 29.933 33.2 0.0524 33.5 0.0114 4.5 0.14 72.9 3.3 51.8 16.9 -839.9 970.2 72.9 3.3 NA 
CF9612 933  24688 20.882 8.2 0.0753 8.7 0.0114 2.9 0.34 73.1 2.1 73.7 6.2 93.7 194.5 73.1 2.1 NA 
CF9612 1008 171152 21.125 6.1 0.0745 6.4 0.0114 1.9 0.30 73.2 1.4 73.0 4.5 66.3 144.8 73.2 1.4 NA 
CF9612 963  9497 23.945 16.6 0.0659 16.9 0.0114 3.2 0.19 73.3 2.4 64.8 10.6 -240.8 420.9 73.3 2.4 NA 
CF9612 1016 20165 22.055 19.3 0.0715 20.2 0.0114 6.0 0.30 73.3 4.4 70.1 13.7 -37.2 471.7 73.3 4.4 NA 
CF9612 889  2580 37.201 31.1 0.0427 32.2 0.0115 8.4 0.26 73.8 6.2 42.5 13.4 NA NA 73.8 6.2 NA 
CF9612 890  9037 19.881 19.6 0.0799 20.0 0.0115 3.7 0.18 73.9 2.7 78.1 15.0 208.9 459.0 73.9 2.7 NA 
CF9612 922  22390 20.309 12.2 0.0784 12.3 0.0116 1.7 0.14 74.0 1.3 76.7 9.1 159.2 286.1 74.0 1.3 NA 
CF9612 934  30068 20.115 8.4 0.0793 8.7 0.0116 1.9 0.22 74.2 1.4 77.5 6.5 181.6 196.9 74.2 1.4 NA 
CF9612 901  30325 20.857 5.8 0.0771 6.2 0.0117 2.2 0.36 74.8 1.7 75.5 4.5 96.5 136.9 74.8 1.7 NA 
CF9612 975  8464 25.073 19.4 0.0642 19.8 0.0117 4.1 0.21 74.9 3.1 63.2 12.1 -358.5 504.3 74.9 3.1 NA 
CF9612 957  21279 21.954 24.1 0.0736 24.3 0.0117 2.8 0.12 75.1 2.1 72.1 16.9 -26.2 591.1 75.1 2.1 NA 
CF9612 1018 17856 22.153 25.3 0.0729 25.5 0.0117 3.3 0.13 75.1 2.5 71.5 17.6 -48.1 623.8 75.1 2.5 NA 
CF9612 932  9033 21.481 10.8 0.0754 11.7 0.0117 4.5 0.38 75.3 3.4 73.8 8.3 26.3 259.7 75.3 3.4 NA 
CF9612 937  4908 20.372 20.3 0.0795 20.4 0.0117 2.0 0.10 75.3 1.5 77.7 15.3 152.0 479.7 75.3 1.5 NA 
CF9612 935  10699 22.124 8.4 0.0733 9.3 0.0118 4.1 0.44 75.4 3.1 71.9 6.5 -44.8 204.0 75.4 3.1 NA 
CF9612 986  35448 21.616 21.9 0.0755 23.0 0.0118 7.1 0.31 75.8 5.4 73.9 16.4 11.3 531.4 75.8 5.4 NA 
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Table A4. U-Pb Crystallization Ages (Coarse Sand Sample – CF 96 12) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9612 895  7806 21.094 18.5 0.0788 19.0 0.0121 4.3 0.23 77.2 3.3 77.0 14.1 69.7 442.3 77.2 3.3 NA 
CF9612 921  67205 21.134 7.2 0.0830 7.5 0.0127 2.2 0.30 81.5 1.8 81.0 5.9 65.3 171.7 81.5 1.8 NA 
CF9612 882  2508 14.727 39.1 0.1428 40.4 0.0153 10.2 0.25 97.6 9.9 135.5 51.3 865.7 842.3 97.6 9.9 NA 
CF9612 1011 9539 20.846 9.6 0.1123 10.0 0.0170 2.6 0.27 108.6 2.8 108.1 10.2 97.8 228.0 108.6 2.8 NA 
CF9612 913  7941 20.014 11.2 0.1744 13.0 0.0253 6.7 0.51 161.2 10.6 163.3 19.6 193.4 260.9 161.2 10.6 NA 
CF9612 1033 144421 12.032 2.0 0.5703 5.0 0.0498 4.6 0.92 313.1 14.1 458.2 18.5 1271.8 38.8 313.1 14.1 NA 
CF9612 951  23375 16.576 3.8 0.8033 4.1 0.0966 1.4 0.35 594.3 8.2 598.7 18.5 615.3 82.6 594.3 8.2 96.6 
CF9612 930  26751 11.559 5.7 2.9081 5.9 0.2438 1.4 0.24 1406.4 17.9 1384.0 44.3 1349.6 109.8 1349.6 109.8 104.2 
CF9612 1019 45851 11.434 2.9 2.9682 3.3 0.2461 1.6 0.49 1418.5 20.7 1399.5 25.1 1370.7 55.5 1370.7 55.5 103.5 
CF9612 894  182785 11.306 1.3 3.0334 1.8 0.2487 1.2 0.69 1431.9 15.8 1416.1 13.6 1392.2 24.5 1392.2 24.5 102.9 
CF9612 885  86021 11.290 0.6 2.9224 1.3 0.2393 1.2 0.91 1383.0 15.0 1387.7 10.0 1395.0 10.8 1395.0 10.8 99.1 
CF9612 912  55204 11.258 1.7 2.9381 2.0 0.2399 0.9 0.46 1386.2 11.2 1391.8 14.9 1400.4 33.4 1400.4 33.4 99.0 
CF9612 968  179551 11.257 0.6 2.9465 1.3 0.2406 1.1 0.89 1389.7 14.0 1393.9 9.5 1400.5 10.9 1400.5 10.9 99.2 
CF9612 877  148267 11.253 0.7 2.9442 1.2 0.2403 1.0 0.80 1388.2 12.3 1393.4 9.3 1401.2 14.1 1401.2 14.1 99.1 
CF9612 874  82175 11.244 2.2 2.9529 2.4 0.2408 0.9 0.40 1390.9 11.8 1395.6 17.9 1402.8 41.4 1402.8 41.4 99.2 
CF9612 961  90714 11.243 2.3 3.0140 2.5 0.2458 1.1 0.42 1416.7 13.7 1411.2 19.4 1402.9 44.2 1402.9 44.2 101.0 
CF9612 898  75024 11.241 0.6 2.8942 3.5 0.2360 3.4 0.99 1365.7 42.3 1380.4 26.3 1403.3 11.0 1403.3 11.0 97.3 
CF9612 903  564099 10.589 0.4 3.0201 1.0 0.2319 0.9 0.92 1344.7 11.5 1412.7 7.8 1516.8 7.5 1516.8 7.5 88.6 
CF9612 927  331292 10.264 0.2 3.5631 2.7 0.2653 2.7 1.00 1516.7 36.9 1541.4 21.7 1575.4 4.0 1575.4 4.0 96.3 
CF9612 911  192863 9.943 0.5 3.8221 2.7 0.2756 2.7 0.98 1569.3 37.3 1597.4 22.0 1634.6 10.0 1634.6 10.0 96.0 
CF9612 993 87678 9.832 0.8 4.2769 3.6 0.3050 3.5 0.97 1716.0 52.4 1688.9 29.4 1655.5 14.9 1655.5 14.9 103.7 
CF9612 984  160813 9.742 0.7 4.1930 0.9 0.2963 0.6 0.62 1672.7 8.2 1672.6 7.4 1672.5 13.1 1672.5 13.1 100.0 
CF9612 944  260825 9.731 0.5 4.1784 2.5 0.2949 2.4 0.98 1665.9 35.8 1669.8 20.4 1674.6 8.9 1674.6 8.9 99.5 
CF9612 1017 108373 9.724 0.8 4.2766 1.4 0.3016 1.1 0.80 1699.3 16.6 1688.9 11.4 1675.9 15.3 1675.9 15.3 101.4 
CF9612 873  60839 9.697 1.4 4.1700 2.1 0.2933 1.6 0.75 1657.9 22.8 1668.1 17.0 1681.1 25.5 1681.1 25.5 98.6 
CF9612 964  318334 9.696 0.3 4.1616 1.8 0.2926 1.8 0.99 1654.7 26.0 1666.5 14.8 1681.4 5.2 1681.4 5.2 98.4 
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Table A4. U-Pb Crystallization Ages (Coarse Sand Sample – CF 96 12) 
    Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
 204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9612 928  161488 9.687 0.7 4.2320 1.5 0.2973 1.3 0.88 1678.1 19.7 1680.2 12.4 1683.0 13.3 1683.0 13.3 99.7 
CF9612 904  267624 9.677 0.4 4.2449 0.8 0.2979 0.7 0.90 1681.0 11.0 1682.7 6.8 1684.9 6.7 1684.9 6.7 99.8 
CF9612 953  399874 9.640 0.3 4.2683 3.7 0.2984 3.6 1.00 1683.4 54.0 1687.3 30.1 1692.0 6.0 1692.0 6.0 99.5 
CF9612 886  266641 9.616 0.2 4.2551 1.3 0.2967 1.3 0.99 1675.1 19.2 1684.7 10.8 1696.7 3.1 1696.7 3.1 98.7 
CF9612 960  1748862 9.590 0.4 4.5628 3.4 0.3174 3.3 0.99 1776.9 51.8 1742.5 28.0 1701.5 8.1 1701.5 8.1 104.4 
CF9612 919  269518 9.503 0.5 4.4238 1.3 0.3049 1.2 0.93 1715.6 18.1 1716.8 10.8 1718.2 9.0 1718.2 9.0 99.8 
CF9612 916  699203 9.305 2.7 3.8113 3.4 0.2572 2.0 0.59 1475.6 26.3 1595.1 27.3 1756.9 50.3 1756.9 50.3 84.0 
CF9612 881  187421 9.234 0.5 4.4501 1.2 0.2980 1.1 0.92 1681.5 16.9 1721.7 10.3 1771.0 9.1 1771.0 9.1 94.9 
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Table A4. U-Pb Crystallization Ages (Coarse Sand Sample – CF 96 34) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9634 863  6540 26.736 94.4 0.017 94.7 0.0032 6.4 0.07 20.9 1.3 16.9 15.8 -527.5 1405.3 20.9 1.3 NA 
CF9634 896  20631 22.709 8.9 0.069 9.2 0.0115 2.2 0.24 73.7 1.6 68.5 6.1 -108.7 220.1 73.7 1.6 NA 
CF9634 868  47979 19.133 9.2 0.083 9.7 0.0116 3.2 0.33 74.2 2.4 81.4 7.6 297.0 209.4 74.2 2.4 NA 
CF9634 853  13699 24.328 20.1 0.066 20.2 0.0116 1.9 0.09 74.3 1.4 64.6 12.6 -281.1 516.2 74.3 1.4 NA 
CF9634 862  986 9.986 174.3 0.161 174.8 0.0116 13.5 0.08 74.6 10.0 151.3 250.8 1626.6 296.5 74.6 10.0 NA 
CF9634 875  10826 25.332 22.8 0.063 23.9 0.0117 7.2 0.30 74.8 5.4 62.5 14.5 -385.1 598.9 74.8 5.4 NA 
CF9634 879  23385 20.682 15.9 0.078 16.0 0.0117 2.0 0.12 75.1 1.5 76.4 11.8 116.5 376.2 75.1 1.5 NA 
Z3-Spot 223 79018 20.093 2.9 0.080 3.8 0.0118 2.4 0.63 75.5 1.8 78.9 2.9 184.2 68.0 75.5 1.8 NA 
CF9634 866  15841 20.907 20.5 0.079 20.8 0.0120 3.0 0.14 76.9 2.3 77.3 15.5 90.9 491.4 76.9 2.3 NA 
CF9634 832  14892 16.678 15.0 0.127 15.2 0.0153 2.6 0.17 98.0 2.5 121.1 17.3 602.0 325.3 98.0 2.5 NA 
Z3-Spot 232 6096 20.454 7.5 0.164 8.4 0.0244 3.8 0.45 155.4 5.8 154.7 12.1 142.5 176.3 155.4 5.8 NA 
CF9634 854  16418 20.909 14.4 0.172 14.8 0.0260 3.5 0.23 165.7 5.7 160.8 22.1 90.6 343.4 165.7 5.7 NA 
CF9634 869  60868 16.571 2.2 0.849 2.6 0.1020 1.3 0.52 626.2 8.0 624.0 12.0 615.9 47.5 626.2 8.0 101.7 
CF9634 873  76372 14.053 1.6 1.618 2.0 0.1649 1.1 0.57 984.1 10.3 977.3 12.5 962.0 33.4 962.0 33.4 102.3 
CF9634 841  9995 11.526 6.3 2.772 7.1 0.2317 3.3 0.46 1343.4 39.8 1347.9 52.9 1355.1 121.2 1355.1 121.2 99.1 
CF9634 837  40623 11.444 2.7 2.911 3.4 0.2416 2.1 0.62 1395.2 26.1 1384.8 25.6 1368.8 51.3 1368.8 51.3 101.9 
CF9634 880  49935 11.387 1.5 2.949 2.8 0.2436 2.3 0.84 1405.3 29.5 1394.7 21.2 1378.5 29.4 1378.5 29.4 101.9 
Z3-Spot 243 113825 11.387 0.8 2.965 1.4 0.2449 1.1 0.80 1412.0 14.0 1398.7 10.4 1378.5 15.8 1378.5 15.8 102.4 
CF9634 895  62398 11.336 3.5 2.959 3.8 0.2433 1.6 0.43 1404.0 20.7 1397.4 29.0 1387.2 66.4 1387.2 66.4 101.2 
Z3-Spot 244 39598 11.304 1.5 2.908 1.9 0.2384 1.1 0.60 1378.6 13.8 1384.1 14.0 1392.6 28.5 1392.6 28.5 99.0 
Z3-Spot 245 115523 11.302 1.1 2.917 1.3 0.2391 0.7 0.54 1382.2 8.8 1386.4 9.9 1392.9 21.0 1392.9 21.0 99.2 
CF9634 850  85604 11.295 1.1 2.953 1.3 0.2419 0.7 0.55 1396.6 9.2 1395.6 10.2 1394.0 21.6 1394.0 21.6 100.2 
CF9634 833  83184 11.279 0.9 2.997 1.6 0.2451 1.3 0.84 1413.4 16.9 1406.7 12.1 1396.7 16.6 1396.7 16.6 101.2 
CF9634 828  64387 11.276 1.8 2.985 2.3 0.2442 1.3 0.57 1408.3 16.3 1403.9 17.1 1397.2 35.4 1397.2 35.4 100.8 
CF9634 848  81467 11.276 1.5 3.015 1.9 0.2466 1.1 0.61 1420.9 14.4 1411.4 14.1 1397.2 28.2 1397.2 28.2 101.7 
165 
 
 
 
Table A4. U-Pb Crystallization Ages (Coarse Sand Sample – CF 96 34) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF9634 856  59604 11.273 0.7 3.032 3.3 0.2479 3.2 0.98 1427.8 41.2 1415.8 25.1 1397.8 12.7 1397.8 12.7 102.1 
CF9634 834  170953 11.219 1.7 2.996 2.2 0.2438 1.4 0.64 1406.6 17.5 1406.7 16.6 1406.9 32.3 1406.9 32.3 100.0 
Z3-Spot 251 131377 11.208 0.9 3.020 1.8 0.2455 1.6 0.86 1415.3 20.2 1412.7 14.1 1408.8 17.9 1408.8 17.9 100.5 
CF9634 830  43195 11.204 2.9 2.929 5.1 0.2381 4.2 0.82 1376.6 51.7 1389.5 38.3 1409.4 54.7 1409.4 54.7 97.7 
CF9634 876  63285 11.195 1.1 3.053 1.3 0.2479 0.8 0.59 1427.6 10.1 1421.0 10.3 1411.1 20.9 1411.1 20.9 101.2 
Z3-Spot 213 42849 11.161 1.2 3.127 3.7 0.2532 3.5 0.94 1454.8 45.2 1439.5 28.4 1417.0 23.8 1417.0 23.8 102.7 
CF9634 871  19966 11.032 2.8 3.047 3.9 0.2438 2.7 0.69 1406.6 33.7 1419.6 29.5 1439.1 52.9 1439.1 52.9 97.7 
Z3-Spot 214 87830 10.790 3.3 3.0265 3.6 0.2368 1.3 0.37 1370.2 16.4 1414.3 27.3 1481.4 62.8 1481.4 62.8 92.5 
CF9634 835  12054 10.390 7.1 3.218 7.4 0.2425 1.9 0.26 1399.7 23.7 1461.5 57.0 1552.6 133.6 1552.6 133.6 90.2 
CF9634 882  1655108 9.957 0.9 3.883 2.0 0.2804 1.8 0.89 1593.5 25.3 1610.1 16.1 1632.0 16.6 1632.0 16.6 97.6 
Z3-Spot 236 129416 9.805 1.1 4.059 1.7 0.2887 1.3 0.76 1634.9 18.4 1646.2 13.6 1660.5 20.0 1660.5 20.0 98.5 
CF9634 889  689799 9.763 0.2 4.293 2.9 0.3040 2.9 1.00 1711.2 44.0 1692.1 24.2 1668.6 3.6 1668.6 3.6 102.6 
CF9634 877  92577 9.744 1.3 4.268 1.7 0.3016 1.2 0.67 1699.3 17.5 1687.2 14.3 1672.2 23.8 1672.2 23.8 101.6 
CF9634 894  171741 9.727 0.5 4.232 1.0 0.2986 0.9 0.88 1684.3 12.9 1680.4 8.2 1675.5 8.9 1675.5 8.9 100.5 
CF9634 865  255875 9.724 0.3 4.282 1.0 0.3020 0.9 0.94 1701.4 13.9 1690.0 8.1 1675.8 6.0 1675.8 6.0 101.5 
CF9634 870  426006 9.700 0.2 4.219 0.8 0.2969 0.8 0.98 1675.7 12.1 1677.8 6.9 1680.5 3.0 1680.5 3.0 99.7 
CF9634 887  251964 9.698 0.9 4.287 2.7 0.3016 2.5 0.94 1699.0 37.9 1690.9 22.2 1680.9 16.8 1680.9 16.8 101.1 
CF9634 874  109985 9.696 0.6 4.287 1.3 0.3015 1.2 0.90 1698.7 17.9 1690.9 11.0 1681.2 10.8 1681.2 10.8 101.0 
CF9634 857  240338 9.665 0.3 4.375 2.0 0.3067 1.9 0.99 1724.4 29.5 1707.6 16.3 1687.1 5.5 1687.1 5.5 102.2 
Z3-Spot 207 122722 9.664 1.0 4.197 1.3 0.2942 0.8 0.62 1662.5 12.1 1673.6 10.9 1687.4 19.1 1687.4 19.1 98.5 
CF9634 831  1407246 9.653 0.2 4.281 0.6 0.2997 0.5 0.96 1689.9 8.1 1689.7 4.6 1689.5 2.9 1689.5 2.9 100.0 
CF9634 829  504437 9.647 0.4 4.265 1.8 0.2985 1.7 0.98 1683.7 25.5 1686.7 14.5 1690.5 7.0 1690.5 7.0 99.6 
CF9634 891  58554 9.646 2.2 4.294 2.5 0.3005 1.3 0.51 1693.6 19.1 1692.3 20.9 1690.8 40.4 1690.8 40.4 100.2 
CF9634 847  247603 9.419 0.5 4.487 1.0 0.3065 0.8 0.84 1723.4 12.5 1728.5 8.2 1734.6 9.7 1734.6 9.7 99.4 
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Table A4. U-Pb Crystallization Ages (Medium Sand Sample – CF 00 06) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0006 948  62593 21.987 4.3 0.071 5.0 0.0114 2.6 0.52 73.2 1.9 70.2 3.4 -29.8 103.6 73.2 1.9 NA 
CF0006 949  29785 20.225 12.0 0.078 12.1 0.0115 1.9 0.15 73.7 1.4 76.6 8.9 168.9 280.8 73.7 1.4 NA 
CF0006 916  27931 22.526 16.2 0.071 16.3 0.0117 2.2 0.14 74.7 1.6 70.0 11.0 -88.9 398.5 74.7 1.6 NA 
CF0006 908  16971 20.982 13.5 0.077 13.8 0.0117 3.2 0.23 75.1 2.4 75.3 10.1 82.4 321.1 75.1 2.4 NA 
CF0006 928  14542 21.088 10.4 0.076 10.9 0.0118 3.3 0.30 75.3 2.5 75.2 7.9 70.4 247.5 75.3 2.5 NA 
CF0006 912  10906 23.941 13.8 0.067 14.2 0.0118 3.2 0.22 75.5 2.4 66.7 9.1 -240.4 350.1 75.5 2.4 NA 
CF0006 959  49612 21.396 12.8 0.075 13.2 0.0118 2.9 0.22 75.5 2.2 74.3 9.4 35.8 308.6 75.5 2.2 NA 
CF0006 940  14497 22.552 11.3 0.072 12.7 0.0119 5.8 0.46 76.0 4.4 71.1 8.7 -91.6 278.4 76.0 4.4 NA 
CF0006 913  22545 22.716 14.0 0.072 14.2 0.0119 2.6 0.18 76.4 1.9 71.0 9.8 -109.5 345.7 76.4 1.9 NA 
CF0006 922  13774 19.962 17.7 0.082 18.7 0.0120 6.0 0.32 76.6 4.6 80.5 14.5 199.5 414.9 76.6 4.6 NA 
CF0006 936  1060 16.002 22.3 0.103 23.0 0.0120 5.5 0.24 77.1 4.2 100.2 21.9 691.0 481.8 77.1 4.2 NA 
CF0006 907  19956 21.826 7.2 0.076 8.0 0.0122 3.5 0.44 78.0 2.7 75.2 5.8 -12.0 173.9 78.0 2.7 NA 
CF0006 946  28517 18.742 9.9 0.098 10.3 0.0133 2.8 0.28 85.4 2.4 95.0 9.3 343.9 223.8 85.4 2.4 NA 
CF0006 917  49936 20.229 4.7 0.176 4.9 0.0260 1.6 0.33 165.2 2.6 165.4 7.5 168.5 109.1 165.2 2.6 NA 
CF0006 934  52626 11.374 1.3 2.979 1.8 0.2457 1.3 0.71 1416.5 16.3 1402.3 13.7 1380.8 24.4 1380.8 24.4 102.6 
CF0006 939  35153 11.320 2.1 2.647 4.8 0.2174 4.3 0.90 1268.1 50.0 1314.1 35.5 1389.9 39.7 1389.9 39.7 91.2 
CF0006 900  198260 11.318 0.6 2.984 1.2 0.2450 1.0 0.84 1412.7 12.4 1403.8 8.9 1390.1 12.3 1390.1 12.3 101.6 
CF0006 930  71552 11.276 0.6 3.022 3.4 0.2472 3.3 0.98 1424.1 42.4 1413.4 25.8 1397.4 12.3 1397.4 12.3 101.9 
CF0006 915  51860 11.222 1.6 2.924 2.0 0.2380 1.3 0.63 1376.5 15.9 1388.3 15.5 1406.4 30.6 1406.4 30.6 97.9 
CF0006 958  129704 11.220 1.1 3.003 1.7 0.2444 1.3 0.76 1409.3 16.1 1408.4 12.8 1406.9 21.1 1406.9 21.1 100.2 
CF0006 899  21096 11.187 3.9 2.947 4.3 0.2391 1.8 0.42 1382.0 22.6 1394.0 32.8 1412.5 75.2 1412.5 75.2 97.8 
CF0006 942  126115 11.183 1.4 3.002 2.5 0.2435 2.1 0.83 1404.9 25.9 1408.2 18.8 1413.3 26.2 1413.3 26.2 99.4 
CF0006 943  41542 11.079 1.8 3.026 2.9 0.2431 2.3 0.78 1403.0 28.4 1414.2 22.1 1431.1 34.6 1431.1 34.6 98.0 
CF0006 956  211021 10.345 0.7 3.048 1.2 0.2287 1.0 0.81 1327.6 12.0 1419.7 9.4 1560.7 13.3 1560.7 13.3 85.1 
CF0006 914  24029 9.928 5.1 4.121 5.3 0.2968 1.1 0.22 1675.3 16.8 1658.5 43.0 1637.4 95.5 1637.4 95.5 102.3 
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Table A4. U-Pb Crystallization Ages (Medium Sand Sample – CF 00 06) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0006 927  106267 9.752 0.9 4.159 1.5 0.2941 1.3 0.82 1662.2 18.5 1665.9 12.7 1670.6 16.5 1670.6 16.5 99.5 
CF0006 945  489480 9.724 0.4 4.221 1.5 0.2977 1.4 0.96 1679.8 21.0 1678.1 12.1 1676.0 7.3 1676.0 7.3 100.2 
CF0006 921  310633 9.697 0.6 4.163 1.0 0.2927 0.8 0.80 1655.2 11.5 1666.7 8.1 1681.2 10.9 1681.2 10.9 98.5 
CF0006 920  360370 9.680 0.6 4.313 0.9 0.3028 0.7 0.73 1705.0 10.0 1695.8 7.5 1684.4 11.4 1684.4 11.4 101.2 
CF0006 962  304017 9.676 0.7 4.319 1.1 0.3031 0.9 0.77 1706.6 13.2 1697.0 9.4 1685.2 13.5 1685.2 13.5 101.3 
CF0006 947  723961 9.668 0.1 4.246 3.3 0.2977 3.3 1.00 1679.9 48.4 1682.9 26.9 1686.7 2.5 1686.7 2.5 99.6 
CF0006 957  182168 9.653 0.3 4.338 1.5 0.3037 1.5 0.98 1709.7 22.8 1700.7 12.7 1689.6 5.0 1689.6 5.0 101.2 
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Table A4. U-Pb Crystallization Ages (Medium Sand Sample – CF 00 17) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0017 1151  4513 15.964 59.9 0.032 61.3 0.0037 13.3 0.22 23.6 3.1 31.7 19.1 696.1 1409.1 23.6 3.1 NA 
CF0017 1215  22591 22.493 12.6 0.067 14.8 0.0109 7.8 0.53 69.9 5.4 65.7 9.4 -85.2 309.0 69.9 5.4 NA 
CF0017 1175  3199 20.009 44.3 0.076 45.4 0.0110 10.0 0.22 70.7 7.1 74.4 32.6 194.0 1077.9 70.7 7.1 NA 
CF0017 1082  28778 21.434 6.2 0.073 6.3 0.0114 1.0 0.16 73.2 0.7 71.9 4.4 31.6 149.5 73.2 0.7 NA 
CF0017 1097  27878 20.190 7.3 0.078 7.5 0.0114 1.9 0.25 73.2 1.4 76.3 5.5 172.9 170.6 73.2 1.4 NA 
CF0017 1198  16354 22.886 26.3 0.069 26.4 0.0114 2.4 0.09 73.3 1.7 67.7 17.3 -127.8 658.6 73.3 1.7 NA 
CF0017 1066  14067 18.940 9.7 0.083 9.8 0.0114 1.5 0.16 73.4 1.1 81.3 7.7 320.1 221.0 73.4 1.1 NA 
CF0017 1160  11835 19.667 18.7 0.081 18.9 0.0115 2.8 0.15 74.0 2.0 79.0 14.4 233.9 435.9 74.0 2.0 NA 
CF0017 1117  30677 22.324 4.2 0.072 4.4 0.0116 1.3 0.30 74.3 1.0 70.2 3.0 -66.7 103.1 74.3 1.0 NA 
CF0017 1126  16789 20.543 7.8 0.078 9.1 0.0116 4.7 0.51 74.6 3.5 76.4 6.7 132.4 184.5 74.6 3.5 NA 
CF0017 1207  17076 20.122 10.6 0.080 12.0 0.0117 5.7 0.48 74.9 4.3 78.2 9.1 180.9 247.2 74.9 4.3 NA 
CF0017 1155  11320 22.868 22.4 0.070 23.0 0.0117 5.3 0.23 74.9 4.0 69.1 15.4 -125.9 558.4 74.9 4.0 NA 
CF0017 1120  18130 21.494 13.0 0.075 13.4 0.0117 3.5 0.26 75.0 2.6 73.5 9.5 24.9 312.3 75.0 2.6 NA 
CF0017 1157  53363 20.880 8.9 0.077 9.0 0.0117 1.2 0.14 75.1 0.9 75.7 6.5 93.9 210.8 75.1 0.9 NA 
CF0017 1111  12969 21.048 24.4 0.077 24.6 0.0117 2.8 0.12 75.2 2.1 75.2 17.8 74.9 588.4 75.2 2.1 NA 
CF0017 1186  18217 22.307 12.6 0.073 13.6 0.0117 5.2 0.38 75.2 3.9 71.1 9.3 -65.0 307.3 75.2 3.9 NA 
CF0017 1121  14771 22.073 15.1 0.073 15.3 0.0117 2.2 0.14 75.3 1.6 71.9 10.6 -39.2 369.5 75.3 1.6 NA 
CF0017 1105  9869 21.386 13.7 0.076 14.3 0.0118 4.1 0.29 75.9 3.1 74.7 10.3 36.9 329.5 75.9 3.1 NA 
CF0017 1190  5387 19.825 28.3 0.083 29.0 0.0119 6.2 0.22 76.1 4.7 80.5 22.4 215.4 666.5 76.1 4.7 NA 
CF0017 1158  7978 20.267 26.4 0.081 27.0 0.0119 5.2 0.19 76.5 4.0 79.2 20.5 164.1 627.6 76.5 4.0 NA 
CF0017 1168  10528 23.748 13.7 0.070 14.5 0.0121 4.8 0.33 77.6 3.7 69.0 9.7 -220.0 345.2 77.6 3.7 NA 
CF0017 1072  1687 20.435 31.6 0.082 35.3 0.0122 15.7 0.45 78.0 12.2 80.2 27.2 144.7 757.4 78.0 12.2 NA 
CF0017 1200  6549 25.209 17.0 0.067 17.7 0.0122 5.0 0.28 78.2 3.9 65.6 11.3 -372.4 443.6 78.2 3.9 NA 
CF0017 1074  118 8.456 13.2 0.229 15.5 0.0141 8.1 0.52 89.9 7.3 209.5 29.4 1930.0 237.5 89.9 7.3 NA 
CF0017 1174  6736 34.359 44.7 0.098 45.5 0.0244 8.7 0.19 155.3 13.4 94.8 41.2 NA NA 155.3 13.4 NA 
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Table A4. U-Pb Crystallization Ages (Medium Sand Sample – CF 00 17) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0017 1093  40875 11.597 2.8 2.866 2.9 0.2410 0.8 0.28 1392.1 10.1 1373.0 21.7 1343.4 53.5 1343.4 53.5 103.6 
CF0017 1116  11050 11.579 7.6 2.837 9.1 0.2382 5.0 0.55 1377.5 62.5 1365.3 68.7 1346.2 147.4 1346.2 147.4 102.3 
CF0017 1100  65357 11.384 2.0 2.951 2.1 0.2436 0.6 0.30 1405.5 7.9 1395.0 16.0 1379.0 38.8 1379.0 38.8 101.9 
CF0017 1129  230730 11.286 0.8 2.942 1.1 0.2408 0.8 0.68 1390.9 9.6 1392.8 8.6 1395.7 16.0 1395.7 16.0 99.7 
CF0017 1156  74717 11.281 1.9 2.904 2.1 0.2376 0.9 0.45 1374.2 11.5 1383.0 15.6 1396.5 35.5 1396.5 35.5 98.4 
CF0017 1135  66504 11.274 2.2 2.967 2.7 0.2426 1.5 0.55 1400.1 18.4 1399.2 20.3 1397.7 42.8 1397.7 42.8 100.2 
CF0017 1132  103608 11.248 1.8 2.961 2.0 0.2416 1.0 0.49 1394.9 12.5 1397.8 15.5 1402.2 34.2 1402.2 34.2 99.5 
CF0017 1145  34962 11.191 4.3 2.982 4.4 0.2420 1.1 0.25 1397.1 13.9 1403.0 33.8 1411.9 82.5 1411.9 82.5 99.0 
CF0017 1140  94706 11.149 1.9 2.960 3.3 0.2394 2.7 0.81 1383.4 33.3 1397.5 25.0 1419.0 36.6 1419.0 36.6 97.5 
CF0017 1213  46881 11.146 1.1 3.062 3.8 0.2475 3.7 0.96 1425.8 46.7 1423.3 29.2 1419.5 20.7 1419.5 20.7 100.4 
CF0017 1169  499235 10.266 0.5 3.616 2.5 0.2692 2.4 0.98 1536.7 33.1 1553.0 19.6 1575.1 9.4 1575.1 9.4 97.6 
CF0017 1099  310533 10.065 0.7 4.054 3.9 0.2960 3.8 0.98 1671.3 56.5 1645.2 31.8 1611.9 13.2 1611.9 13.2 103.7 
CF0017 1192  134676 10.008 2.2 3.830 3.5 0.2780 2.8 0.79 1581.4 39.3 1599.1 28.6 1622.5 40.5 1622.5 40.5 97.5 
CF0017 1136  534554 9.943 1.0 3.844 1.9 0.2772 1.7 0.86 1577.3 23.1 1602.0 15.5 1634.6 18.1 1634.6 18.1 96.5 
CF0017 1166  591191 9.941 2.2 3.533 4.9 0.2548 4.4 0.89 1463.0 57.3 1534.7 38.9 1635.1 41.7 1635.1 41.7 89.5 
CF0017 1177  566270 9.912 1.0 3.306 2.4 0.2377 2.2 0.91 1374.6 26.6 1482.5 18.4 1640.4 17.8 1640.4 17.8 83.8 
CF0017 1178  170024 9.869 0.7 4.075 1.0 0.2917 0.7 0.70 1650.0 10.3 1649.3 8.3 1648.5 13.6 1648.5 13.6 100.1 
CF0017 1091  74694 9.841 0.8 4.072 3.0 0.2906 2.9 0.96 1644.6 41.6 1648.6 24.3 1653.8 15.6 1653.8 15.6 99.4 
CF0017 1064 88705 9.762 1.0 4.089 1.7 0.2895 1.3 0.80 1639.0 19.5 1652.1 13.8 1668.8 18.8 1668.8 18.8 98.2 
CF0017 1152  199427 9.740 0.5 4.321 1.4 0.3053 1.3 0.93 1717.3 19.8 1697.4 11.7 1672.9 9.8 1672.9 9.8 102.7 
CF0017 1107  375106 9.733 0.1 4.162 0.7 0.2938 0.7 0.98 1660.5 10.0 1666.6 5.7 1674.2 2.7 1674.2 2.7 99.2 
CF0017 1077  340614 9.715 0.5 4.188 3.9 0.2951 3.9 0.99 1666.9 57.0 1671.7 32.0 1677.7 8.6 1677.7 8.6 99.4 
CF0017 1139  158730 9.700 0.2 4.399 1.7 0.3095 1.7 0.99 1738.2 25.3 1712.2 13.9 1680.5 3.9 1680.5 3.9 103.4 
CF0017 1147  207866 9.696 0.4 4.277 5.7 0.3008 5.7 1.00 1695.2 85.1 1689.0 47.1 1681.2 7.7 1681.2 7.7 100.8 
CF0017 1067  1172956 9.691 0.2 4.109 2.0 0.2888 2.0 0.99 1635.5 28.4 1656.1 16.2 1682.3 4.0 1682.3 4.0 97.2 
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Table A4. U-Pb Crystallization Ages (Medium Sand Sample – CF 00 17) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0017 1131  1582912 9.689 0.2 4.276 0.8 0.3005 0.8 0.96 1693.8 12.0 1688.8 6.9 1682.5 4.3 1682.5 4.3 100.7 
CF0017 1068  97864 9.687 1.0 4.194 1.7 0.2947 1.4 0.82 1664.9 21.1 1672.9 14.3 1683.1 18.4 1683.1 18.4 98.9 
CF0017 1123  108473 9.682 0.6 4.310 1.1 0.3027 1.0 0.86 1704.5 14.6 1695.3 9.4 1683.9 10.8 1683.9 10.8 101.2 
CF0017 1130  37364 9.678 0.4 4.373 3.2 0.3070 3.2 0.99 1725.9 48.5 1707.3 26.6 1684.6 6.6 1684.6 6.6 102.4 
CF0017 1161  236466 9.678 0.5 4.278 1.3 0.3003 1.2 0.92 1692.6 17.9 1689.1 10.7 1684.7 9.1 1684.7 9.1 100.5 
CF0017 1092  230507 9.672 0.8 4.302 1.8 0.3018 1.6 0.90 1700.3 23.9 1693.8 14.6 1685.8 14.1 1685.8 14.1 100.9 
CF0017 1197  121468 9.599 0.9 4.274 1.7 0.2976 1.5 0.84 1679.2 21.4 1688.4 14.2 1699.7 17.1 1699.7 17.1 98.8 
CF0017 1193  587342 9.583 0.3 4.297 1.2 0.2986 1.1 0.96 1684.6 16.8 1692.7 9.7 1702.9 6.0 1702.9 6.0 98.9 
CF0017 1102  6370 9.398 0.9 3.865 4.4 0.2635 4.3 0.98 1507.5 57.5 1606.4 35.2 1738.6 15.9 1738.6 15.9 86.7 
CF0017 1069  232098 9.356 0.6 4.485 0.9 0.3043 0.6 0.71 1712.6 9.1 1728.1 7.1 1747.0 11.1 1747.0 11.1 98.0 
CF0017 1108  356135 7.410 5.5 6.071 8.6 0.3263 6.6 0.77 1820.5 105.2 1986.2 75.2 2163.3 95.8 2163.3 95.8 84.2 
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Table A4. U-Pb Crystallization Ages (Fine Sand Sample – CF 00 03) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0003 1  380023 9.510 0.3 4.3154 1.5 0.2976 1.5 0.98 1679.5 21.6 1696.3 12.3 1717.1 5.7 1717.1 5.7 97.8 
CF0003 2  88933 9.888 0.7 4.1187 2.5 0.2954 2.4 0.96 1668.3 35.4 1658.0 20.5 1645.0 12.9 1645.0 12.9 101.4 
CF0003 3  4153 19.461 19.5 0.0928 20.0 0.0131 4.3 0.21 83.9 3.6 90.1 17.2 258.2 452.4 83.9 3.6 NA 
CF0003 5  7735 21.725 15.2 0.0789 15.7 0.0124 3.8 0.24 79.7 3.0 77.1 11.6 -0.7 368.4 79.7 3.0 NA 
CF0003 7  10566 19.801 19.1 0.0801 19.2 0.0115 2.0 0.11 73.7 1.5 78.3 14.5 218.2 446.3 73.7 1.5 NA 
CF0003 8  118678 9.687 0.9 4.2642 2.2 0.2996 2.0 0.92 1689.3 30.2 1686.5 18.2 1683.0 15.8 1683.0 15.8 100.4 
CF0003 10  38124 11.093 4.1 3.0144 4.5 0.2425 1.9 0.43 1399.8 24.3 1411.3 34.3 1428.6 77.6 1428.6 77.6 98.0 
CF0003 11  1231 18.994 16.6 0.0933 16.9 0.0129 3.1 0.19 82.3 2.6 90.6 14.6 313.6 379.7 82.3 2.6 NA 
CF0003 12  6413 19.050 34.4 0.0833 34.7 0.0115 4.9 0.14 73.7 3.6 81.2 27.1 306.9 804.8 73.7 3.6 NA 
CF0003 15  26731 21.615 9.4 0.0741 9.5 0.0116 1.6 0.17 74.4 1.2 72.6 6.7 11.5 226.0 74.4 1.2 NA 
CF0003 23  81002 9.797 0.3 4.1458 2.3 0.2946 2.2 0.99 1664.4 32.7 1663.4 18.4 1662.0 6.1 1662.0 6.1 100.1 
CF0003 27  5885 21.843 20.9 0.0738 21.7 0.0117 5.6 0.26 75.0 4.2 72.3 15.1 -13.9 510.5 75.0 4.2 NA 
CF0003 28  13083 21.284 21.0 0.1006 21.7 0.0155 5.2 0.24 99.4 5.2 97.4 20.1 48.4 506.8 99.4 5.2 NA 
CF0003 29  88682 9.647 0.8 4.2184 3.4 0.2951 3.3 0.97 1667.1 48.2 1677.6 27.8 1690.7 15.6 1690.7 15.6 98.6 
CF0003 30  19562 23.181 12.3 0.0694 13.2 0.0117 4.9 0.37 74.7 3.6 68.1 8.7 -159.6 305.8 74.7 3.6 NA 
CF0003 32  277698 11.238 0.5 2.9820 0.8 0.2431 0.7 0.77 1402.6 8.3 1403.0 6.4 1403.8 10.3 1403.8 10.3 99.9 
CF0003 37  186000 9.669 0.5 4.2983 1.0 0.3014 0.8 0.87 1698.3 12.4 1693.0 7.9 1686.5 8.7 1686.5 8.7 100.7 
CF0003 38  18297 23.604 15.9 0.0688 16.1 0.0118 2.3 0.14 75.5 1.7 67.5 10.5 -204.7 401.5 75.5 1.7 NA 
CF0003 39  121767 9.673 1.0 4.2404 1.6 0.2975 1.2 0.79 1678.8 18.4 1681.9 13.0 1685.7 17.9 1685.7 17.9 99.6 
CF0003 43  1042705 10.133 0.5 3.4951 1.0 0.2569 0.8 0.86 1473.8 10.8 1526.1 7.5 1599.5 9.0 1599.5 9.0 92.1 
CF0003 44  76927 9.969 1.4 4.0384 3.6 0.2920 3.3 0.92 1651.5 48.0 1642.0 29.1 1629.8 26.0 1629.8 26.0 101.3 
CF0003 45  281673 10.221 0.7 3.4535 1.5 0.2560 1.4 0.90 1469.4 18.2 1516.7 12.1 1583.3 12.6 1583.3 12.6 92.8 
CF0003 46  17091 20.304 3.9 0.1751 4.5 0.0258 2.3 0.52 164.1 3.8 163.8 6.8 159.9 90.4 164.1 3.8 NA 
CF0003 50  263110 9.664 0.6 4.2881 1.3 0.3005 1.1 0.87 1694.0 16.7 1691.1 10.6 1687.4 11.7 1687.4 11.7 100.4 
CF0003 52  35282 19.977 7.6 0.0846 12.6 0.0123 10.0 0.80 78.6 7.8 82.5 10.0 197.6 177.6 78.6 7.8 NA 
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Table A4. U-Pb Crystallization Ages (Fine Sand Sample – CF 00 03) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0003 171  17497 19.216 11.0 0.080 13.4 0.0111 7.6 0.57 71.3 5.4 78.0 10.0 287.2 251.1 71.3 5.4 NA 
CF0003 113  46534 22.464 6.9 0.069 6.9 0.0113 1.0 0.14 72.2 0.7 67.8 4.6 -82.1 168.5 72.2 0.7 NA 
CF0003 112  6166 21.015 16.9 0.074 17.3 0.0113 3.8 0.22 72.7 2.7 72.9 12.2 78.7 403.6 72.7 2.7 NA 
CF0003 98  34747 21.408 3.8 0.075 4.1 0.0116 1.6 0.39 74.4 1.2 73.2 2.9 34.5 90.9 74.4 1.2 NA 
CF0003 53  6607 22.552 19.1 0.071 19.8 0.0117 5.2 0.26 74.7 3.8 69.9 13.4 -91.7 472.7 74.7 3.8 NA 
CF0003 136  3018 23.870 48.5 0.068 49.1 0.0118 7.7 0.16 75.5 5.8 66.9 31.8 -232.9 1290.7 75.5 5.8 NA 
CF0003 141  12161 22.028 13.2 0.074 13.3 0.0118 1.4 0.11 75.7 1.1 72.4 9.3 -34.3 321.2 75.7 1.1 NA 
CF0003 154  8743 28.516 44.9 0.057 45.4 0.0118 6.6 0.15 75.9 5.0 56.5 25.0 -703.2 1302.4 75.9 5.0 NA 
CF0003 138  5280 24.296 27.4 0.068 28.5 0.0120 7.8 0.27 76.8 6.0 66.8 18.4 -277.7 708.0 76.8 6.0 NA 
CF0003 143  16860 21.384 6.6 0.078 7.6 0.0121 3.6 0.48 77.3 2.8 76.0 5.5 37.1 159.2 77.3 2.8 NA 
CF0003 71  9658 18.861 8.7 0.088 9.4 0.0121 3.6 0.38 77.4 2.8 85.9 7.8 329.6 198.4 77.4 2.8 NA 
CF0003 90  17211 20.101 5.1 0.083 5.3 0.0121 1.7 0.31 77.7 1.3 81.1 4.2 183.3 118.0 77.7 1.3 NA 
CF0003 94  32782 11.432 1.5 2.894 2.6 0.2400 2.1 0.82 1386.6 26.7 1380.5 19.7 1370.9 28.6 1370.9 28.6 101.1 
CF0003 160  49789 11.366 1.9 2.913 4.3 0.2401 3.9 0.89 1387.2 48.3 1385.2 32.7 1382.0 37.2 1382.0 37.2 100.4 
CF0003 93  42905 11.325 1.5 2.979 2.1 0.2447 1.4 0.67 1410.9 17.4 1402.2 15.6 1388.9 29.4 1388.9 29.4 101.6 
CF0003 100  217071 11.221 0.3 2.944 2.2 0.2396 2.2 0.99 1384.6 27.4 1393.3 16.8 1406.7 5.6 1406.7 5.6 98.4 
CF0003 137  36036 11.219 2.2 3.045 3.1 0.2478 2.1 0.69 1427.1 26.8 1419.1 23.3 1407.0 42.6 1407.0 42.6 101.4 
CF0003 76  44550 11.211 0.7 3.026 1.2 0.2461 1.0 0.83 1418.1 13.2 1414.2 9.5 1408.3 13.4 1408.3 13.4 100.7 
CF0003 87  96013 11.184 2.1 2.974 2.3 0.2412 0.8 0.34 1393.0 9.6 1401.0 17.3 1413.1 41.0 1413.1 41.0 98.6 
CF0003 60  27667 10.059 2.5 3.757 5.2 0.2741 4.6 0.88 1561.6 63.6 1583.7 42.1 1613.2 47.3 1613.2 47.3 96.8 
CF0003 59  52512 9.929 1.5 4.161 2.3 0.2996 1.8 0.77 1689.4 26.4 1666.3 19.0 1637.3 27.8 1637.3 27.8 103.2 
CF0003 55  768929 9.781 0.3 3.889 2.1 0.2759 2.1 0.99 1570.6 29.5 1611.4 17.2 1665.1 4.8 1665.1 4.8 94.3 
CF0003 78  173333 9.721 0.7 4.120 1.1 0.2905 0.8 0.77 1643.8 11.9 1658.2 8.7 1676.5 12.4 1676.5 12.4 98.1 
CF0003 54  199244 9.710 0.6 4.219 0.8 0.2971 0.6 0.72 1677.1 8.6 1677.8 6.6 1678.6 10.3 1678.6 10.3 99.9 
CF0003 64  143005 9.691 1.0 4.374 1.9 0.3074 1.7 0.86 1728.0 25.0 1707.4 15.9 1682.2 18.0 1682.2 18.0 102.7 
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Table A4. U-Pb Crystallization Ages (Fine Sand Sample – CF 00 03) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0003 158  147329 9.679 0.5 4.285 2.5 0.3008 2.5 0.98 1695.4 37.1 1690.6 20.9 1684.5 9.6 1684.5 9.6 100.6 
CF0003 81  507166 9.691 0.2 4.226 1.2 0.2970 1.2 0.99 1676.4 17.6 1679.0 9.9 1682.3 3.2 1682.3 3.2 99.6 
CF0003 85  97076 9.678 1.0 4.256 2.0 0.2987 1.7 0.88 1685.0 25.8 1684.8 16.3 1684.6 17.7 1684.6 17.7 100.0 
CF0003 95  206237 9.666 0.6 4.290 5.2 0.3008 5.2 0.99 1695.0 77.1 1691.4 42.9 1686.9 11.1 1686.9 11.1 100.5 
CF0003 105  92064 9.664 0.7 4.228 1.5 0.2963 1.3 0.86 1673.1 18.5 1679.4 11.9 1687.3 13.5 1687.3 13.5 99.2 
CF0003 84  273134 9.662 0.4 4.321 2.8 0.3028 2.7 0.99 1705.2 41.0 1697.4 22.8 1687.8 6.7 1687.8 6.7 101.0 
CF0003 61  34982 9.584 1.1 3.972 3.2 0.2761 3.0 0.94 1571.5 42.1 1628.4 26.1 1702.7 20.5 1702.7 20.5 92.3 
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Table A4. U-Pb Crystallization Ages (Fine Sand Sample – CF 00 14) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0014 993  42274 21.660 8.7 0.073 9.3 0.0115 3.3 0.36 73.6 2.4 71.6 6.4 6.5 209.6 73.6 2.4 NA 
CF0014 996  18231 21.306 10.9 0.074 12.1 0.0115 5.4 0.45 73.6 4.0 72.7 8.5 45.9 260.1 73.6 4.0 NA 
CF0014 982  20895 21.846 9.1 0.073 9.2 0.0115 1.7 0.18 73.8 1.2 71.2 6.3 -14.2 219.3 73.8 1.2 NA 
CF0014 971  23759 20.544 8.3 0.077 8.7 0.0115 2.6 0.30 73.9 1.9 75.7 6.3 132.3 194.6 73.9 1.9 NA 
Z3-Spot 325 10050 20.651 4.2 0.077 5.2 0.0116 3.0 0.57 74.2 2.2 75.6 3.8 120.1 99.5 74.2 2.2 NA 
CF0014 988  10007 25.666 26.5 0.062 27.0 0.0116 5.4 0.20 74.3 4.0 61.4 16.1 -419.2 703.7 74.3 4.0 NA 
CF0014 1001  17084 23.820 12.0 0.067 12.2 0.0116 1.9 0.16 74.3 1.4 65.9 7.8 -227.6 303.3 74.3 1.4 NA 
CF0014 969  6264 23.820 23.7 0.067 24.0 0.0116 3.6 0.15 74.6 2.6 66.2 15.4 -227.6 604.3 74.6 2.6 NA 
CF0014 965  14319 22.559 12.2 0.072 12.7 0.0117 3.5 0.27 75.1 2.6 70.2 8.6 -92.4 299.6 75.1 2.6 NA 
CF0014 1004  24286 23.599 12.4 0.069 12.6 0.0118 2.2 0.18 75.3 1.7 67.5 8.2 -204.1 311.6 75.3 1.7 NA 
CF0014 1007  5281 20.503 7.1 0.079 7.3 0.0117 1.9 0.26 75.3 1.5 77.2 5.4 136.9 166.1 75.3 1.5 NA 
Z3-Spot 327 12812 17.570 4.2 0.093 4.5 0.0118 1.7 0.38 75.7 1.3 90.1 3.9 488.3 92.8 75.7 1.3 NA 
CF0014 986  3539 21.424 28.4 0.076 29.1 0.0119 6.1 0.21 76.1 4.6 74.7 21.0 32.7 693.3 76.1 4.6 NA 
CF0014 980  1279 16.888 35.2 0.097 35.7 0.0119 5.6 0.16 76.4 4.3 94.4 32.2 575.0 789.4 76.4 4.3 NA 
CF0014 1006  3196 27.864 30.6 0.059 30.7 0.0120 2.6 0.09 77.1 2.0 58.8 17.6 -639.4 855.8 77.1 2.0 NA 
CF0014 985  23279 22.229 11.4 0.075 11.5 0.0122 1.9 0.17 77.9 1.5 73.8 8.2 -56.4 277.8 77.9 1.5 NA 
CF0014 1003  33704 11.401 1.7 2.960 2.6 0.2448 2.0 0.78 1411.6 26.0 1397.5 20.0 1376.2 31.8 1376.2 31.8 102.6 
Z3-Spot 319 42986 11.389 0.8 2.930 1.7 0.2420 1.5 0.89 1397.0 19.2 1389.6 13.0 1378.2 15.2 1378.2 15.2 101.4 
Z3-Spot 340 52539 11.330 1.1 2.917 1.8 0.2397 1.5 0.81 1385.2 18.6 1386.4 13.8 1388.2 20.4 1388.2 20.4 99.8 
CF0014 998  115096 11.313 0.6 2.960 1.7 0.2428 1.6 0.94 1401.4 20.2 1397.3 13.0 1391.1 11.7 1391.1 11.7 100.7 
Z3-Spot 350 372680 11.297 1.1 2.924 3.3 0.2396 3.1 0.94 1384.6 38.3 1388.2 24.7 1393.8 20.8 1393.8 20.8 99.3 
CF0014 981  42326 11.287 0.7 2.992 2.4 0.2450 2.2 0.95 1412.5 28.4 1405.7 18.0 1395.5 14.3 1395.5 14.3 101.2 
CF0014 1000  108753 11.270 0.7 3.008 2.3 0.2459 2.2 0.95 1417.1 28.3 1409.6 17.8 1398.3 13.8 1398.3 13.8 101.3 
CF0014 974  45233 11.214 2.8 2.996 3.2 0.2436 1.6 0.49 1405.5 19.7 1406.5 24.1 1408.0 52.8 1408.0 52.8 99.8 
CF0014 1008  93417 11.155 0.8 3.002 2.0 0.2429 1.8 0.92 1401.6 23.1 1408.1 15.2 1418.0 15.4 1418.0 15.4 98.8 
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Table A4. U-Pb Crystallization Ages (Fine Sand Sample – CF 00 14) 
     Isotope ratios    Apparent ages (Ma)    Best  
Conc 
Analysis 206Pb 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± age ± 
  204Pb 207Pb* % 235U* % 238U % corr. 238U* Ma 235U Ma 207Pb* Ma Ma Ma % 
CF0014 992  86746 11.105 1.9 3.057 4.1 0.2462 3.6 0.88 1419.1 46.4 1422.1 31.6 1426.6 37.0 1426.6 37.0 99.5 
CF0014 970  52691 11.095 2.2 2.992 2.7 0.2407 1.4 0.54 1390.6 18.0 1405.5 20.2 1428.3 42.6 1428.3 42.6 97.4 
CF0014 984  1041080 10.497 0.2 3.449 3.2 0.2626 3.2 1.00 1503.1 42.8 1515.7 25.2 1533.3 4.5 1533.3 4.5 98.0 
Z3-Spot 322 64925 10.272 0.6 3.727 1.8 0.2777 1.7 0.93 1579.7 23.3 1577.3 14.3 1573.9 12.1 1573.9 12.1 100.4 
Z3-Spot 348 36631 9.765 1.1 4.104 1.8 0.2906 1.5 0.81 1644.6 21.2 1655.0 14.7 1668.2 19.6 1668.2 19.6 98.6 
Z3-Spot 351 37602 9.759 1.1 3.684 4.1 0.2607 4.0 0.96 1493.6 53.2 1567.8 33.1 1669.2 20.4 1669.2 20.4 89.5 
CF0014 995  290681 9.723 0.3 4.280 1.8 0.3018 1.8 0.98 1700.5 26.8 1689.6 15.0 1676.2 6.3 1676.2 6.3 101.4 
CF0014 975  72368 9.694 1.1 4.147 2.4 0.2916 2.1 0.89 1649.5 30.4 1663.7 19.3 1681.6 20.2 1681.6 20.2 98.1 
CF0014 987  396221 9.690 0.2 3.620 3.2 0.2544 3.2 1.00 1461.3 42.3 1554.0 25.8 1682.3 4.4 1682.3 4.4 86.9 
Z3-Spot 352 176823 9.677 1.2 4.220 3.4 0.2962 3.2 0.94 1672.3 47.2 1677.9 28.1 1684.8 22.1 1684.8 22.1 99.3 
CF0014 978  935208 9.666 0.2 4.303 3.8 0.3016 3.8 1.00 1699.5 57.2 1693.9 31.6 1687.0 2.8 1687.0 2.8 100.7 
CF0014 989  172176 9.634 0.5 4.221 2.5 0.2949 2.4 0.98 1666.2 35.4 1678.2 20.3 1693.2 10.1 1693.2 10.1 98.4 
CF0014 973  41385 9.619 0.3 4.285 2.8 0.2989 2.8 1.00 1686.1 40.9 1690.5 22.8 1695.9 4.9 1695.9 4.9 99.4 
CF0014 967  121212 9.589 0.6 4.403 4.0 0.3062 4.0 0.99 1722.1 60.4 1713.0 33.5 1701.8 11.0 1701.8 11.0 101.2 
CF0014 972  821390 9.531 1.3 4.282 1.9 0.2960 1.4 0.72 1671.3 20.2 1689.9 15.6 1713.0 24.1 1713.0 24.1 97.6 
CF0014 1002  144808 9.345 0.8 4.564 3.6 0.3093 3.5 0.98 1737.3 53.8 1742.6 30.1 1749.0 14.1 1749.0 14.1 99.3 
Table A4.  U-Pb age data for all bedrock and sediment samples analyzed by laser ablation multicollector inductively-coupled 
plasma mass spectrometry at the Arizona LaserChron Center, University of Arizona. All errors listed are two sigma. 
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Table A5. U-Pb Crystallization Ages (Xenolith – SL SAM 13 13) 
     Apparent ages (Ma)   Best  
Conc 
Analysis 204Pb 204 cps error 206Pb* ± 207Pb* ± 207Pb* ± age ± 
  206Pb  corr. 238U* Ma 235U Ma 206Pb* Ma Ma Ma % 
ST XEN 8 -0.0022 -32 0.87 1363 38.6 1356 26.8 1346 34.2 1346 34.2 100.5 
ST XEN 15 -0.0021 -41 0.86 1373 37.5 1366 26.3 1354 34.3 1354 34.3 100.5 
ST XEN 12 0.0014 94 0.81 1362 36.6 1364 27.4 1367 41.2 1367 41.2 99.9 
ST XEN 34 0.0039 13 0.87 1338 38.1 1358 27.1 1389 34.8 1389 34.8 98.5 
ST XEN 10 0.0002 54 0.88 1376 38.0 1384 26.2 1395 32.1 1395 32.1 99.5 
ST XEN 21 0.0004 35 0.87 1363 37.5 1379 26.3 1404 32.9 1404 32.9 98.8 
ST XEN 19 0.0001 82 0.87 1363 36.8 1379 25.9 1405 32.8 1405 32.8 98.8 
ST XEN 36 0.0004 62 0.85 1338 37.1 1365 26.9 1408 36.0 1408 36.0 98.0 
ST XEN 14 0.0005 43 0.87 1362 36.6 1381 25.9 1410 33.1 1410 33.1 98.6 
ST XEN 4 0.0009 51 0.85 1361 39.0 1382 28.0 1415 37.4 1415 37.4 98.5 
ST XEN 23 0.0003 24 0.87 1373 37.4 1389 26.2 1415 32.8 1415 32.8 98.8 
ST XEN 1 0.0005 75 0.86 1391 37.8 1401 26.5 1416 34.2 1416 34.2 99.3 
ST XEN 27 -0.0089 31 0.87 1353 37.5 1380 26.5 1421 33.2 1421 33.2 98.1 
ST XEN 46 0.0005 74 0.88 1338 38.6 1371 27.2 1423 33.4 1423 33.4 97.6 
ST XEN 41 0.0035 23 0.88 1345 38.2 1377 26.9 1427 33.0 1427 33.0 97.7 
ST XEN 9 0.0005 54 0.86 1358 36.6 1386 26.0 1430 33.2 1430 33.2 98.0 
ST XEN 17 0.0025 68 0.73 1345 36.8 1380 31.1 1435 54.2 1435 54.2 97.5 
ST XEN 6 0.0012 28 0.86 1373 37.8 1403 27.0 1449 34.8 1449 34.8 97.8 
ST XEN 5 0.0004 78 0.74 1369 37.3 1402 30.8 1452 52.2 1452 52.2 97.6 
ST XEN 28 0.0033 24 0.80 1314 36.6 1374 28.8 1468 43.9 1468 43.9 95.7 
Table A5.  U-Pb age data of the xenolith sample analyzed by laser ablation multicollector inductively-coupled plasma mass 
spectrometry at the University of Florida Center for Isotope Geoscience. All errors listed are two sigma. 
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